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Graphene, a two-dimensional honeycomb carbon layer, has drawn intensive 
attention as a promising electrode material for rechargeable batteries and supercapacitors 
due to its high electrical conductivity as well as chemical and physical stability. Recent 
progress of large-scale synthesis of graphene oxide (GO) from graphite has boosted more 
investigations for the conversion of GO to graphene. For energy storage applications, the 
role of graphene can be largely categorized into two groups: A) An inactive, supporting 
component for the build-up of composites with various active materials and B) Graphene 
itself as an active material for charge storage. 
Graphene, as a supporting component, is not involved electrochemical reactions to 
store charge or contribute to the amount of charge storage with very limited capacity or 
capacitance. Regarding this role, graphene-encapsulated submicron Si and two-
dimensional functional carbon (TDFC) synthesis using graphene-template were studied in 
tow sub-themes. In the graphene-encapsulated submicron Si study, submicron Si particles 
were recovered from Si waste and utilized as a high-performance anode material for LIBs.  
From the versatile hydrothermal assembly, submicron Si particles were securely coated 
with graphene. The submicron Si/graphene composite exhibited good cycling stability, 
showing a capacity retention of 84% at the 100th cycles. In the study of the TDFC, ultrathin 
TDFC (thickness of 10~20nm) with abundant oxygen functional groups was prepared by 
GO-template assisted hydrothermal reaction of glucose. During the hydrothermal reaction, 
GO acted as a substrate for depositing hydrocarbon on its surface. Due to the presence of 
oxygen functional group on the surface of GO and the planar morphology of GO, the 
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prepared 2D thin film enables more efficient utilization of the redox reactions compared to 
the conventional carbon sphere, showing a key approach to effectively utilize their redox-
reactions.  
In addition, graphene actively participates in charge storage and thus graphene can 
be identified as an active material. It is known that an irreversible restacking of GO sheets 
during electrode preparation has limited the accessible surface area (ASA) to store ions, 
resulting in a low gravimetric capacity of ~100 mAh g-1. In this section, three subtopics of 
graphene as the active material for charge storage were investigated; A) Crumpled 
graphene oxide cathode for lithium-ion battery (LIB). B) Stacking-controlled cabbage-like 
graphene electrodes for supercapacitor. C) Crumpled graphene anode for Sodium-ion 
battery. The second group is mostly associated with the restacking issue of GO and 
graphene. In the study of crumpled graphene oxide cathode, the crumpled graphene oxide 
was employed as cathode material for LIB. The crumpled graphene oxide has an 
aggregation-resistive characteristic and 3D ball-like morphology. The crumpled graphene 
oxide showed that the effective utilization of the surface redox reactions with enhanced 
electrochemical energy storage such as high rate-capability, indicating that the 
microstructure of graphene is an important parameter for the development of high-power 
LIBs. In the study of cabbage-like graphene, high density cabbage-like graphene (0.75 g 
cm-3) was prepared by two step processes of liquid-phase pre-stacking of graphene and 
subsequent aerosol spray drying. Despite its high density, the cabbage-like graphene 
showed a high gravimetric and volumetric capacitance (177 F g-1 and 117 F cm-3) in 
aqueous supercapacitors. As a cathode for LIB, it showed a capacity of 176 mAh g-1 (1.0 
mAh cm-2). This superior electrochemical performance suggests that the stacking-control 
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approach could provide a new way to achieve both high gravimetric and high volumetric 
performance of graphene electrodes rather than avoiding restacking. In the study of 
crumpled graphene anode for sodium-ion battery (SIB), it has been shown that graphene 
stores sodium ions through capacitive mechanism and there are two sub-routes in the 
capacitive mechanism, ion adsorption in a similar way of double layer capacitance and ion 
adsorption on defective sites.  
In summary, this dissertation discusses the various roles of graphene for energy 
storage application, such as supercapacitor, LIB, SIB and hybrid supercapacitor. In each 
application, graphene can be identified as active or inactive material based on its role. The 
results in various applications using graphene would provide insights how graphene play a 







CHAPTER 1. INTRODUCTION 
1.1 Energy storage systems: Lithium-ion battery and electrochemical capacitor 
Rapid penetration of portable electronic devices electric vehicles (EVs) to our daily 
lives demands electrochemical energy storage devices with a high-energy and high-power 
density, and long-lasting lifetime.1-2 A significant volume of research has been devoted to 
the development of such energy storage systems (EESs).3-4 At forefront of these are 
lithium-ion batteries (LIBs) and electrochemical capacitors (ECs).5 Because of their 
different energy storage characteristics,5-7 LIBs and ECs show complementary energy-
storage features (Figure. 1.1) In typical, LIBs utilize intercalation of Li ions into active 
materials of anodes and cathodes which is oft referred as diffusion-controlled process. For 
instance, the most commercialized electrodes materials such as graphite and lithium cobalt 
oxide (LiCoO2) host Li ions into their layers. Thus, LIBs provide a high energy density of 
~200 Wh kg-1. However, they suffer from limited cycling stability. For instance, Li1-xCoO2 
can only maintain its structure in an interval of 0.5>x>0. When a cell is overcharged (i.e., 
Li is excessively extracted), Li1-xCoO2 shows rapid structural degradation.8-9 Although the 
graphite is recognized as the most stable anode material for LIB, the graphite is also 
electrochemically degraded upon lithiation and delithiation because of extended solid 
electrolyte interface into the internal structure of graphite (i.e., internal pore of graphite).10   
Moreover, LIB shows a limited power density less than 1 kW kg-1 due to the diffusion-
controlled process.11-12 On the contrary, ECs (so-called supercapacitors, SCs), store charge 
using electrolyte ion adsorption. ECs are typically classified into electrochemical double-
layer capacitors (EDLCs) and pseudocapacitors (PCs). Both EDLC and PC store ions on 
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the electrode surface and they are identified as a surface-limited energy storage system. 
Unlike the EDLC, PCs store charges through surface redox reactions on top of the double 
layer capacitance, showing an increased energy density compared to EDLCs.5, 13 By virtue 
of the EC’s charge storage mechanism, ECs show high power density and good life cycle.14  
 
Figure 1.1 Schematic illustration of (a) all carbon electrochemical double layer 
capacitor, (b) pseudocapacitor and (c) lithium ion battery. All devices have an active 
material, a current collector, a separator and electrolyte. Reprinted with permission 
from Ref#13 Copyright © 2014 Royal Society of Chemistry. 
 
An emerging target in next-generation EES is delivering both high energy and 
power with a single energy storage system. In this regard, hybrid supercapacitors (HSCs) 
have been explored to bridge batteries and ECs by combining the features of batteries and 
ECs.15-17 HSCs consist of a high-energy battery anode, a high-power EC cathode, and Li 
salts containing organic electrolytes to realize different storage mechanisms at both 
electrodes. These asymmetric configurations give a difference between HSCs and 
conventional asymmetric SCs in which asymmetric SCs employ two different capacitive 
electrodes. HSCs can have a higher energy density than SCs due to the high capacity of the 
battery-type anode and a higher power density than LIBs due to the capacitive cathode.  
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Figure 1.2 Schematic illustration of an ordinary electric double layer capacitor 
(EDLC) system and hybrid supercapacitor. Conventional EDLC has a symmetric cell 
configuration of activated carbon for both positive and negative electrodes. Hybrid 
supercapacitor, herein lithium ion capacitor, employs Li-intercalation negative 
electrode material (e.g., graphite and Li4Ti5O12) and capacitive positive electrode 
material. Reprinted with permission from Ref#18 Copyright © 2012 Royal Society of 
Chemistry. 
 
Table 1.1 Properties of Graphene compared with other carbon materials.19 
 Graphene Carbon nanotube Fullerene Graphite 
Dimensions  2  1  0  3  








Flexible, elastic  Elastic  non-elastic  
Experimental SSA (m2 g–1)  ~1,500  ~1,300  80–90  ~10–20  
Electrical conductivity (S cm–1)  ~2,000  
Structure-
dependent  
10–10  Anisotropic 
Thermal conductivity (W m–1 K–
1)  
4,840–5,300  3,500  0.4  Anisotropic 
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1.2 Preparation of graphene 
Since the first finding of a Free-State graphene in 2004, interest in graphene results 
in ‘graphene gold rush’.19-20 Graphene has appealing properties for a wide range of 
applications such as transistor,21 energy storage, conductive supporter22 and sensors 
because of its two-dimensional morphology, mechanical stability, surface area (~1500 m2 
g-1) and electrical conductivity (~2000 S cm-1) compared to the other forms of carbon 
(Table 1.1).23-25 Therefore, graphene could play various roles as active and inactive 
materials for those EESs. 
Graphene is a honeycomb-like 2D carbon. Preparation of graphene can be largely 
categorized into two groups (Fig. 1.3); A) Top-down and B) bottom-up approach. The top-
down approach mostly starts from graphite since graphite is a stack of graphene layers.25 
In the category of the top-down approach, it is needed to overcome van der Walls forces to 
separate each single layer of graphene from graphite. One of well-known ways in the top-
down approach is ‘peel-off’ (also called scotch tape method).20 Although high-quality (i.e., 
defect free graphene) can be obtained from the ‘peel-off’ method, scalable production of 
graphene sheets using this method is difficult. Electrochemical exfoliation, exfoliation of 
graphite intercalation compounds (GICs) and solvent-based exfoliation have been 
proposed as scalable methods to prepare graphene. In electrochemical exfoliation, graphite 
is employed as a sacrificial electrode with the various electrolytes.26 In the case of 
exfoliation of GICs, graphene is prepared by two step process of lithium salt intercalated 
and subsequent sonication.27-28 In 2008, exfoliation of natural graphite flake by sonication 
was also reported.29 One of the most popular way to obtain graphene in top-down approach 
is to oxidize graphite to prepare GO and then thermally or chemically reduce the GO. In 
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these top-down approaches, the critical challenge is to prevent aggregation or restacking 
of GO and graphene. Thus, in many cases, surfactants are employed.30-31 However, removal 
of surfactant is difficult. To prevent surfactant-free and aggregation-resistive graphene, 
Huang et al. employed aerosol-pyrolysis process for GO and obtained crumpled 
graphene.32 Figure 1.4 shows the schematic illustration of aggregation-resistive graphene. 
First, aqueous GO solution is nebulized into a pre-heated tubular furnace with the inert gas 
flow. In the furnace, rapid evaporation of GO droplet occurs, concentrating GO sheets and 
compressing them into crumpled ball (thus so-called crumpled graphene).32 Due to the inert 
gas environment and high temperature in the furnace, GO is reduced, thus yielding 
graphene at the outlet of the furnace. Crumpled graphene has a locally π- π stacked ridge 
structure which imparts aggregation-resistive property to graphene. Bottom-up approach 
can provide high quality high-quality crystallites up to 100μm.33 In this approach, graphene 
is usually prepared by chemical vapor deposition (CV) on copper foils and growth on SiC.34 
Despite the high-quality, these methods are expensive to scale up because of large energy 
consumption at present.23 The various preparation methods and applications of graphene 






Figure 1.3 Schematic illustration of top-down and bottom-up graphene preparation. 




Figure 1.4  Schematic illustration of aggregation-resistive graphene. Reprinted with 




Figure 1.5 Various methods to prepare graphene and their applications. Reprinted 
with permission from Ref#23 Copyright ©2012 Springer Nature. 
 
1.3 Graphene in energy storage applications 
The role of graphene in energy storage application can be divided into graphene as 
the active material and the inactive component. When graphene directly takes part in 
energy, graphene can be looked upon as active material. For instance, graphene can host 
alkali metal ions (e.g., Li+ and Na+) in both negative and positive electrodes. Scorasati et 
al. prepared graphene flake by sonication and then utilized anode material for LIBs (Fig. 
1.6).35 Graphene anodes generally show ultra-high capacity in the first lithiation due to the 
formation of SEI and the large surface area of graphene.36 In 2013, Dou et al. reported 
reduced graphene anode for SIB.37 Although authors showed good cycling stability and 
high capacity of the reduced graphene electrodes, the energy storage mechanism was not 
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elucidated. In 2014, Wang et al. prepared expanded graphite with the interlayer distance of 
0.37 nm,38 providing a hope for SIBs using graphene. Graphene’s large theoretical surface 
area (~2675 m2 g-1)39 is the attractive feature for ECs since the specific capacitance of ECs 
is directly dependent on available surface area of electrodes. However, it is difficult to 
achieve the high surface area of graphene due to the restacking issue of graphene. Thus, 
various approaches to avoid the restacking of graphene have been proposed.26, 50, 77, 121-122 
For instance, physical ‘spacers’ to separate the graphene nanosheet, three-dimensional 
graphene assembly and vertically aligned graphene have been introduced.40-46 In this 
dissertation, we proposed crumpled graphene as discussed in chapter 4 and 6. 
 
Figure 1.6 (a) Preparation of graphene. (b) Galavanostatic discharge profile of 
graphene anode in Li-cell (Inset: charge/discharge profile at steady-state). (c) Cycling 
stability of graphene in Li-cell. Reprinted with permission from Ref#35 
Copyright (2014) American Chemical Society. 
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Graphene can be an assistant or supporter to enable a stable operation of EESs due 
to its high conductivity and, mechanical and electrochemical stability.40, 47-48 In this role, 
graphene is not actively involved in charge storage reaction. First, graphene can impart 
electrical conductivity to poorly conductive, but electrochemically active materials, such 
as Lithium metal oxide cathodes (e.g., LiFePO4, LiCoO2 and LiMnO2), Si and organic 
molecules. For instance, various composites, such as graphene-embedded LiFePO4 and 
three-dimensional graphene/LiFePO4 have been prepared.49-50 The various forms of 
graphene-based composites are shown in Figure 1.7. In the case of poor conductive 
materials which accompany large volume change such as phosphorous and silicon, 
encapsulated, wrapped and layered composites were mostly investigated.51 In Li-S 
batteries, the dissolution of elemental S and sulfide and their poor electrical conductivity 
are known as the most critical issues. In addition, graphene can be a promising candidate 
to resolve the issues of Li-S batteries.52-53 For instance, Li2S-graphene electrode prepared 
by dropping Li2S precursor onto reduced GO paper showed stable cycling performance up 
to 150 cycles with a high capacity of ~750 mAh g-1.54 
It has been 14 years since the finding free-state graphene and numerous approaches 
of graphene for EES have shown noticeable progress. However, it is hard to find them in 
our daily life. In this thesis, to promote uptake of graphene in EESs, we considered the 
scalable synthesis of graphene-based electrodes as discussed in each chapter. 
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Figure 1.7 Schematic illustration of graphene-based composite electrodes. 
Reproduced from Ref#19 with permission of Springer Nature, Copyright ©2014. 
 
1.4 Chapter Organization 
Table 1.2 Summary of chapter organization 
 Material Role 
Application 




























Ch. 3 Two-dimensional functional 
carbon 






Ch. 4 Crumpled graphene oxide 
Charge Storage 
Cathode   
Ch. 5 Cabbage-like Graphene 
cabbage 
Cathode  Electrode 
Ch. 6 Crumpled graphene  Anode  
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Chapter organization is summarized in table 1.2. In Chapter 2 and 3, graphene is 
employed as an inactive component (i.e., physical blocking layer or substrate to deposit 
hydrocarbon), which does not actively involve electrochemical reaction. In Chapter 2, 
graphene-encapsulated submicron Si (Si/graphene composite) is investigated as an anode 
material for LIBs. While pristine submicron Si shows a limited cycling stability, the 
Si/graphene composite exhibits stable cycling performance with the high reversible 
capacity (1423 mAh g-1) and capacity retention of 84% at 100th cycle. Despite severe 
pulverization of Si during lithiation and delithiation, the pulverized Si particles are securely 
confined in graphene cage. In Chapter 3, two-dimensional functional carbon, which 
contains a large amount of redox-active oxygen functional group, is prepared using 
hydrothermal carbonization (HTC) of glucose. During the hydrothermal carbonization of 
glucose, we employed GO nanosheets as a template to control the morphology of 
hydrothermal products. The TDFC exhibits a very high capacity of ~250 mAh g-1 in the 
voltage window of 1.5-4.5 V vs. Li. Even with a commercial level mass-loading of ~9.3 
mg cm-2, the TDFC maintains a high capacity of ~243 mAh g-1. The anode in Chapter 2 
and the TDFC cathode in Chapter 3 are integrated to build a hybrid supercapacitor. The 
hybrid supercapacitor delivers a high-energy density of ~182 Wh kg-1 at a high-power 
density of 1 kW kg-1 and maintains its performance over 3,000 cycles. The study of the 
hybrid supercapacitor is discussed in Chapter 3. 
In Chapter 3, 4 and 5, graphene is employed as an active component which means 
that graphene itself stores charge. In Chapter 4, crumpled graphene oxide is used as a 
cathode material for LIB. Graphene oxide can have redox reactions with lithium ions at the 
high potential of ~3 V vs. Li. However, due to severe restacking issue during the 
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preparation of electrodes, it shows limited capacity less than 100 mAh g-1 and poor rate-
capability despite its copious redox active oxygen-functional group. Thus, in this chapter, 
crumpled graphene oxide, which has an aggregation-resistive property and 3D ball-like 
morphology, is employed. The crumpled graphene oxide shows the much higher capacity 
of 154 mAh g-1 at 0.1 A g-1 than GO. In Chapter 5, controllable and scalable stacking-
engineering process of graphene is introduced for charge storage. From the stacking-
engineering, cabbage-like graphene (C-GR) is prepared and investigated for aqueous 
symmetric supercapacitor with KOH electrolyte. In addition, the C-GR is employed as 
cathode material for LIB. This stacking-control strategy of GR provides an insight for 2D 
materials to enhance the charge storage. In Chapter 6, graphene’s charge (Li, Na and K 
ion) storage mechanism is shown. Graphene stores alkali metal ions through two sub-routes 
of surface-capacitive charge storage: i) double layer capacitance and cation adsorption on 
defective sites. In this section, as a graphene model, crumpled graphene (CG) is employed.  
Finally, Chapter 7 will provide a summary and perspective of graphene-based 
electrodes for energy storage applications.  
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CHAPTER 2.  
CONFINEMENT OF SILICON PARTICLES IN GRAPHENE 
SHEATH 
Reprinted with permission from Byeongyong Lee, Tianyuan Liu, Sun Kyung Kim, Han 
kwon Chang, Kwangsup Eom, Lixin Xie, Shuo Chen, Hee Dong Jang, and Seung Woo Lee 
Carbon, 2017 119, 438-445.  Figures and tables shown in this chapter were referred from 
Carbon, 2017 119, 438-445 without a formal permission form based on Elsevier’s policy 
“you retain the right to include it in a thesis or dissertation, provided it is not published 
commercially.”   
2.1 Overview 
Si has drawn intensive attention as a next-generation anode material owing to its 
much higher theoretical capacity (4200 mAh g-1) than graphite (372 mAh g-1).55-56 In spite 
of its high capacity, the practical application of Si in LIBs has been hindered by its low 
electrical conductivity and dramatic volume variation up to 400% during the insertion and 
extraction of Li.57 The induced mechanical strain during the huge volume change 
pulverizes Si particles, resulting in disconnection of the small pulverized Si particles.58 
Moreover, the newly exposed Si surface promotes the continuous formation of a solid-
electrolyte interphase (SEI), which is generated by the reductive decomposition of the 
organic electrolyte, causing the irreversible consumption of electrolyte and lithium.59-61  
Numerous nanostructured designs of the Si anode have been proposed to address the 
issues. Experimental and computational studies have shown that Si nanoparticles, which 
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are smaller than ~150 nm, can effectively alleviate their mechanical strain, accordingly 
avoiding the severe pulverization.62-63 Additionally, nanostructured Si, such as yolk-
shell,64-65 hollow Si, porous Si66-68 and Si nanowire69-70, have demonstrated good cycling 
stability using free space around Si to accommodate the volume expansion. Recently, Si 
nanoparticle and carbonaceous material composite systems have shown the improved 
cycling stability.71-77 In these composites of Si and carbonaceous materials, the 
carbonaceous materials can not only provide the conductive pathways from Si to current 
collector for Si-based electrodes, but also prevent the direct exposure of Si particles to 
electrolytes, thus improving the performance of the anodes.74-76 Despite the enhanced 
cycling stability and rate-capability, the nanostructured Si and composite anodes have 
scalability issues as they often employ costly Si nanoparticle.78-80 For example, most of the 
nanostructured Si anodes have been constructed from the costly processes, such as CVD,73, 
81 laser deposition,82 and magnesiothermic reduction.83 
Over the past decades, Si has been mostly exploited in photovoltaic and 
semiconductor industries.84 Annual demand of Si in photovoltaic and semiconductor 
industries was 50,000 tons in 2010 and is expected to hit over 180,000 tons in 2020.85 
Unfortunately, more than 40% of the Si used in the industries is directly being discarded 
as industrial Si waste.86 The industrial Si waste, which is typically generated in the course 
of slicing Si ingots to obtain Si wafers, contains high purity Si, SiC and a small portion of 
metallic impurities. Researchers have proposed recovery of Si from the industrial Si waste 
to support a Si source for LIBs.79, 86  However, they only utilized recovered Si nanoparticles 
less than 100nm or crushed the recovered Si particles into nanoparticles through high-
energy ball milling, thus reducing the merit of the Si waste in cost-effectiveness and 
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scalability. In addition, the specific capacity and rate capability of these nanoparticles were 
lower than those of the nanostructured Si. 
Micrometer-scale Si has been proposed to improve the low scalability.48, 87-89 The 
micrometer-scale Si is generally more prone to mechanical fracture upon cycling compared 
to the Si nanoparticles owing to the lithiation-induced swelling.62 In addition, the ion and 
electron transport pathways in micrometer-scale Si is longer than those in Si nanoparticles, 
giving rise to the adverse impact in rate-capability.89 To address these issues in the 
mechanical fracture and rate-capability , conformably graphene-coated micro-Si48 , porous 
bulk Si87-88 and micro-sized Si-C89 have been explored. Although these studies have shown 
the improved electrochemical performance, the electrode fabrication processes still rely on 
toxic chemicals such as hydrofluoric acid or complicated fabrication procedures. Therefore, 
it is highly desirable to develop simple, scalable and toxic-free fabrication process for high-
performance Si electrode using large Si particles recycled from the waste. 
 
2.2 Approach 
In this section, we propose a graphene-encapsulated submicron Si as an anode 
material for LIBs. The graphene-encapsulated submicron Si was prepared by recovery of 
submicron Si (sm-Si) from the industrial Si waste and subsequent hydrothermal graphene 
encapsulation. This graphene-encapsulated submicron Si provides several advantages: A. 
Recycling of industrial waste. B. Submicron size Si. C. No use of toxic-chemicals in 
electrode fabrication. D. High reversible capacity (1423 mAh g-1) and cycling stability 
(Capacity retention at 100th cycle, 84%) 
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 The enhanced electrochemical performance can be attributed to the effective 
encapsulation of sm-Si particles by graphene. As discussed in section.1, the graphene has 
a good mechanical strength and high electrical conductivity. Therefore, the graphene can 
be an ideal coating material for such a material which has a poor electrical conductivity 
and suffer from large volume change during lithiation and delithiation. 
2.3 Experimental Methods 
2.3.1 Sample Preparation  
The sm-Si was recovered from industrial Si waste through mild centrifugation and 
removal of impurities.90 The Si waste from a Korean semiconductor company was dried at 
180 °C to remove a lubricant (diethylene glycol). 2g of the dried Si waste was sonicated 
for 5 h (40 kHz, Bransonic co.) in 200 mL of deionized (DI) water. Then, centrifugation 
(VS-5500N, Vision Science) was applied to the Si waste colloid at 500 rpm for 12 min. 
After the mild centrifugation, the Si waste colloid was separated into two parts: Si-rich 
supernatant and SiC-rich sediment. The supernatant was subjected to the 2M hydrochloric 
acid treatment at 100 °C for 5 h. After rinsing the supernatant with DI water several times, 
the Si particles with the size range from hundred nanometers to several micrometers were 
obtained. These Si particles were slightly ground by beads-mill (Ultra Apex Mill UAM-
015, Kotobuki) for 9 cycles, crating sm-Si particles close to 1 μm. The recovered sm-Si 
particles were used for Si sources for the electrode fabrication. 400 mg of the recovered 
sm-Si was dispersed in 40 mL of DI water by sonication for 20 min and then 0.5 mL of 20 
wt% Poly (diallydimethylammonium chloride) (PDDA, Sigma Aldrich) was added into the 
dispersion. The mixture of the sm-Si and PDDA was sonicated for 10 min. To remove 
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excessive PDDA, the mixture of the sm-Si and PDDA was centrifuged and rinsed with DI 
water for several times. The estimated concentration of the positively charged submicron 
Si colloid was 10 mg mL-1. GO was prepared by modified Hummer’s method.91 Then, 60 
mg of D-glucose (Sigma Aldrich) was dissolved in 15 mL of 2 mg mL-1 GO solution by 
sonication for 20 min. The sm-Si@C/Gr was prepared by hydrothermal one-pot synthesis. 
3 mL of the positively charged sm-Si dispersion was added into the mixture of GO and D-
glucose. Then, the mixture was sealed in a Teflon-lined autoclave and maintained at a 
temperature of 180 °C for 12 h. 
 
2.3.2 Material Characterization 
The morphology of the composite was investigated by SEM (Hitachi SU8230). 
HRTEM images were taken on JEOL JEM-2010F field emission electron microscope at 
an acceleration voltage of 200 kV. The Si content in the sm-Si@C/Gr was measured from 
the weight loss curve in TGA (PerkinElmer Pyris 1 TGA) with a heating rate of 5 °C min-
1 under air. The elemental analysis of the composites was characterized by SEM equipped 
with EDX (Hitachi SU8230) and XPS (Thermal Scientific K-alpha XPS instrument). XRD 
patterns were measured with Cu Kα radiation in the 2θ range of 10°~80° (X’Pert Pro 
Alpha). Raman spectrum was collected from 400 cm-1 to 2000 cm-1 by Thermo Nicolet 
Almega XR Dispersive Raman Spectrometer (488 nm excitation laser). 
 
2.3.3 Electrochemical Measurement 
The sm-Si@C/Gr was mixed with conductive carbon black (MTI Corporation) and 
sodium carboxymethyl cellulose (Sodium CMC, Sigma Aldrich) binder (weight ratio, 
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65:12:23) in DI water. The prepared slurry was coated on a copper foil using a doctor blade. 
The working electrodes were assembled into Swagelok-type cells in a high purity Ar-filled 
glovebox (MBraun, O2 and H2O < 0.1 ppm). 100 μL of 1M LiPF6 in a EC and DMC 
(volume ratio, 3:7, BASF) with 10 vol% of FEC (Sigma Aldrich) was adopted for the 
electrolyte. Celgard 2500 was used as a separator. Li metal was employed as the 
counter/reference electrode. Electrochemical charge storage characteristics of the working 
electrodes were investigated by CV in the voltage window of 0.01-1.5 V vs. Li/Li+ with a 
scan rate of 0.1 mV s-1 (Bio Logic VMP3). Rate- capabilities were examined in varied 
current density values from 0.1 A g-1 to 10 A g-1. To investigate cycling stability, the 
working electrodes were cycled at 1 A g-1 without initial stabilization cycles 
(charging/discharging a cell at low current density). Electrochemical impedance 
spectroscopy was measured over a series of cycles in a frequency range of 10 mHz – 100 
kHz with an amplitude of 10 mV using Bio Logic VM3. 
 
2.4 Results and Discussion 
The fabrication process of the submicron Si encapsulated with graphene and carbon 
(sm-Si@C/Gr) anode is illustrated in Fig. 2.1. First, the sm-Si particles were recovered 
from the Si waste slurry which was generated during the slicing process of Si ingots into 
Si wafers. The mud-like Si waste slurry mainly contains Si, SiC and metallic impurities in 
a polyethylene glycol lubricant. After drying the Si waste slurry, it was dispersed in DI 
water. As the SiC has higher specific gravity than Si, the dispersion can be readily separated 
into Si-rich supernatant and SiC-rich sediment using a centrifugal force.90 After drying the 
Si-rich supernatant part, obtained Si particles were treated with 2M hydrochloric acid to 
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remove metallic impurities. The recovered Si particles displayed wide size distribution 
from several hundred nanometers to several micrometers. To homogenize their size 
distribution, the recovered Si particles were slightly ground using a beads-mill, yielding 
the sm-Si particles close to 1 μm. The obtained sm-Si particles were dispersed in DI water 
via sonication. Because Si particles have intrinsic silicon oxide (SiOx) layers on their 
surface, the dispersed sm-Si particles exhibit negative surface charge in water.24, 76 To 
convert the surface charge of the sm-Si, positively charged polyelectrolyte (PDDA), was 
added into the sm-Si dispersion. This surface charge inversion process of the sm-Si enables 
the robust assembly of the positively charged sm-Si particle and negatively charged GO 
through electrostatic interaction.74 
 
Figure 2.1 Schematic procedure for the preparation of the recovered submicron Si 
coated with graphene and carbon (sm-Si@C/Gr). 
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It is noteworthy mentioning that the conversion of the Si’s surface charge is critical 
to enhance the dispersibility. When the sm-Si particles were dispersed in water by 
sonication, they were largely precipitated after a day due to a higher density of Si with 
respect to water (Fig. 2.2a). Therefore, direct use of the sm-Si particles without its surface 
charge conversion as a Si source may yield the biased distribution of the sm-Si particles 
during the fabrication of the composite electrode. On the other hands, the mixture of the 
positively charged sm-Si particle and GO well maintained their dispersion over a week 
(Fig. 2.2b). This stable dispersion can be attributed to repulsive force among excessive 
negative charges of the attached GO sheets on the sm-Si, improving colloidal stability.92 
The surface charge modified sm-Si, GO and D-glucose water were mixed in DI water and 
the mixture was transferred into a Teflon-lined autoclave for hydrothermal assembly. 
During the hydrothermal process at 180 ⁰C for 12 h, the GO sheets were reduced and 
coalesced, while D-glucose was carbonized on the surface of sm-Si.43, 93 The obtained 
composite was further reduced through thermal treatment at 450 ⁰C for 3 h under argon 
environment, finally producing the sm-Si@C/Gr. 
 
Figure 2.2 (a) As-prepared sm-Si colloid and its precipitation after a day. The color 
of the colloid was faded. (b) The mixture of the positively charged sm-Si and graphene 




Figure 2.3 (a) Low- and (b) high-magnification scanning electron microscopy (SEM) 
images of the sm-Si@C/Gr. (c) Low- and (d) high-magnification HRTEM images with 
the fast Fourier transformation analysis of the sm-Si@C/Gr. (e) SEM image of the 
sm-Si@C/Gr for energy-dispersive X-ray (EDX) analysis and corresponding 




The morphology of the sm-Si@C/Gr was studied by SEM equipped with EDX and 
HRTEM (Fig. 2.3). Low-magnification SEM image showed that graphene sheets were 
interconnected with each other to form a 3D porous network structure (Fig. 2.3a). High-
magnification SEM image displayed that the sm-Si particles were well encapsulated by the 
interconnected graphene sheets (Fig. 2.3b). Low-magnification HRTEM image also 
showed that sm-Si particles with sizes of 840 nm and 630 nm were entirely confined within 
the graphene layers (Fig. 2.3c). Moreover, thin carbon layers, which were derived from the 
hydrothermal carbonization of the D-glucose, were found from the high-magnification 
HRTEM investigation (Fig. 2.3d). The crystalline structure of the sm-Si in the composite 
was characterized by FFT analysis and was indexed as the (111) and (220) faces. The 
measured spacing values of the lattice plane were 0.311 nm and 0.195 nm, which 
respectively matches with the (111) and (220) planes of the cubic diamond structure of 
Si.94 The EDX analysis showed the elemental maps for Si and carbon on the sm-Si@C/Gr 
(Fig. 2.3e-2.3g), indicating the homogeneous distribution of the elements within the 
composite electrode. The EDX map for Si and the corresponding SEM image further 
exhibited the size distribution of the encapsulated sm-Si particles, showing their particle 
sizes are close to 1 μm (Fig. 2.3e). 
The crystal structure of the sm-Si@C/Gr was further confirmed by XRD 
investigation (Fig. 2.4a). The sm-Si@C/Gr displayed a small peak around 24° and two 
intense peaks at 28.5° and 47.3°. For comparison, a carbon-graphene composite (C@Gr) 
was also prepared through the same synthetic procedures of the sm-Si@C/Gr without the 
positively charged sm-Si particles. The C@Gr showed a minute peak around 24°, 
indicating that this peak is attributed to the amorphous carbon and disordered graphene.2, 
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95 In addition, the pristine sm-Si showed the intense peaks at 2θ = 28.5° and 47.3°, which 
are corresponding to crystal planes of (111) and (220), respectively.80 The presented XRD 
pattern of the sm-Si@C/Gr including characteristic peaks of both the sm-Si and C@gr 
indicates that the sm-Si@C/Gr consists of pure Si, carbon, and graphene. Calculation with 
the Bragg’s law gave d-spacing of 0.31 nm at (111) plane and 0.19 nm at (220) plane, 
which are consistent with the TEM results. 
 
Figure 2.4 (a) X-ray diffraction (XRD) and (b) Raman spectra of the sm-Si, C@Gr 
and sm-Si@C/Gr. (c) XPS wide scan survey of the sm-Si@C/Gr. The inset shows high-
resolution Si 2p spectra of the sm-Si@C/Gr and C@Gr. (d) Thermogravimetric 




Raman spectroscopy of the sm-Si@C/Gr displayed three characteristic peaks at 497, 
1350 and 1592 cm-1 (Fig. 2.4b). The intense peak at 497 cm-1 corresponds to crystal Si.80 
The two broaden bands at 1350 (D-band) and 1592 cm-1 (G-Band) are originated from 
disordered sp2-carbon and stretching of the C-C bond in graphitic materials, respectively.73 
A wide scan survey of XPS confirmed the coexistence of Si and carbon (Fig. 2.4c). The 
negligible peak of Si 2p in the wide scan survey indicates a low surface atomic percentage 
of Si due to the graphene and thin carbon layers on outer surface of Si.80 The high-
resolution Si 2p spectrum of the sm-Si@C/Gr displayed two noticeable peaks of Si at 99.4 
eV and SiOx (x<2) at 103 eV.76 To estimate the weight percentage of the sm-Si in the sm-
Si@C/Gr, the weight loss curves of the sm-Si@C/Gr and C@Gr were measured by TGA 
(Fig. 2.4d).  The weight losses of the sm-Si@C/Gr and C@Gr were initiated around 400 
°C and continued till ~650 °C, which is associated with the decomposition of graphene and 
carbon. The calculated mass percentage of Si in the sm-Si@C/Gr was found to be 58%. 
The lithiation/delithiation characteristics of the sm-Si@C/Gr were evaluated using 
CV at a scan rate 0.1 mV s-1 in the voltage window of 0.01-1.5 V vs. Li on a Li half-cell 
(Fig. 2.5a). The first cathodic sweep showed a gentle slope at potential below 1.0 V vs. Li 
due to the formation of SEI, which is similar to that of the reported Si-C composite.89 
Additionally, a large reduction wave at potential below 0.1 V vs. Li can be attributed to the 
alloying process of Li and Si, forming amorphous LixSi.76 In the subsequent CV cycles, 
two anodic bumps at 0.35 V and 0.6 V, and one reduction peak at 0.2 V vs. Li were found, 
which corresponds to dealloying and alloying of the sm-Si with Li, respectively.59, 76 It is 
noteworthy mentioning that the anodic and cathodic peak currents gradually intensified 
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and approached stable values after 10 cycles. These increased peak currents can be 
attributed to the gradual kinetic activation of Si upon discharging and charging.96 
 
 
Figure 2.5 (a) CV scans of the sm-Si@C/Gr during 10 cycles at a scan rate of 0.1 mV 
s-1 (b) Galvanostatic discharge and charge profiles of the sm-Si@C/Gr at the current 
density of 1 A g-1 (c) Cycling stability of the sm-Si@C/Gr and pristine sm-Si. (d) Rate-
capability of the sm-Si@C/Gr measured at the current densities of 0.1~10 A g-1. 
 
The galvanostatic discharge and charge profiles of the sm-Si@C/Gr electrodes 
were investigated in the voltage window of 0.01-1.5 V vs. Li/Li+ at a current density of 1 
A g-1 (Fig. 2.5b). In general, cycling stabilities of Si-based electrodes are investigated after 
pre-stabilization process60, 97 by cycling at the low current density in the range of 0.1 – 0.4 
A g-1.48, 80 It should be mentioned that the cycling stability of the sm-Si@C/Gr electrode 
was directly investigated at 1 A g-1 without the pre-slow cycling process. The first discharge 
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and charge capacities of the composite electrode were 1991 mAh g-1 and 1423 mAh g-1, 
respectively. The capacity loss in the first cycle can be attributed to the formations of the 
SEI and amorphous LixSi.59, 76 On subsequent galvanostatic cycling, the sm-Si@C/Gr 
electrode displayed a lithiation plateau at 0-0.2 V and a delithiation plateau at 0.2-0.6 V vs. 
Li.59, 80 The charge capacity slightly increased up to 10 cycles owing to the gradual kinetic 
activation of Si, which is consistent with the CV result. The sm-Si@C/Gr electrodes 
exhibited excellent cycling stability up to 100 cycles, retaining 84% of its initial charge 
capacity (Fig. 2.5c). The coulombic efficiency of the sm-Si@C/Gr electrode in the first 
cycle was 71.5%. Upon subsequent galvanostatic cycles, it rapidly approached a high value 
over 99%.  
 
Figure 2.6 (a) Galvanostatic discharge and charge profiles of the pristine sm-Si 
electrode at a current density of 1 A g-1 with a cut-off window 0.01-1.5 V vs. Li. (b) 
Specific discharge and charge capacity of the C@Gr and corresponding Coulombic 
efficiencies as a function of cycle number. 
 
When the recovered sm-Si was directly employed as an anode material, the first 
discharge capacity of the electrode was 1938 mAh g-1, which is comparable to that of the 
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sm-Si@C/Gr (Fig. 2.6a) However, the first charge capacity was just 659 mAh g-1 and both 
charge and discharge capacities rapidly decreased on the subsequent cycles. This can be 
attributed to the surface crack typically found in Si particles bigger than 150 nm.62 To 
estimate the capacity contribution of the sm-Si in the sm-Si@C/Gr electrode, a C@Gr 
electrode was also cycled at 1 A g-1 in the voltage window of 0.01-1.5 V vs. Li/Li+. The 
C@Gr electrode delivered a charge capacity of 385 mAh g-1 in the first cycle and was 
quickly stabilized to 277 mAh g-1 (Fig. 2.6b). Based on the weight percentage of Si (58 
wt%) in the sm-Si@C/Gr, the contribution of the sm-Si was calculated as the charge 
capacities of 2175 mAh g-1 and 1855 mAh g-1 the 1st and 100th cycle, respectively. The  
rate-capability of the sm-Si@C/Gr electrode was evaluated at varied current densities from 
0.1 to 10 A g-1 (Fig. 2.5d). The sm-Si@C/Gr electrode well maintained its high gravimetric 
charge capacities with increased current densities: 1877 mAh g-1 at 0.1 A g-1, 1652 mAh g-
1 at 0.5 A g-1, 1534 mAh g-1 at 1 A g-1, and 950 mAh g-1 at 5 A g-1. When the current density 
was redirected back to 0.5 A g-1, the charge capacity of the sm-Si@C/Gr was recovered to 
1650 mAh g-1. The cycling stability and rate-capability of the sm-Si@C/Gr electrode are 
comparable to those of the Si waste utilized reported Si-based electrodes60, 64-65, 75-78, 98 and 
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Figure 2.7 Morphology investigation of the sm-Si@C/Gr electrodes before and after 
cycling. (a, b, and c) ex-situ SEM images of the sm-Si@C/Gr electrodes. (d, e and f) 
ex-situ TEM investigation of the sm-Si @C/Gr electrodes. EDX maps of the 
composites at 0th, 10th and 100th cycles for (g, h and i) Si and (j, k and l) carbon. The 
cycling was carried out at the current density of 1 A g-1 with a cut-off window of 0.01-
1.5 V vs. Li. 
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To understand the role of the graphene and carbon layers for the improved stability, 
the sm-Si@C/Gr electrodes at 0th, 10th and 100th cycles were analyzed by ex-situ SEM 
and TEM, and compared with the pristine sm-Si electrodes (Fig. 2.7 and Fig. 2.8). 
Comparison of the SEM images for the sm-Si@C/Gr electrode before and after cycles 
showed that the 3D carbon network structure was well maintained with the moderate 
formation of the SEI layer 3D porous structure during cycling (Fig. 2.7a-2.7c). The 
HRTEM images showed that the submicron Si particles in the sm-Si@C/Gr electrodes 
were pulverized during cycling (Fig. 2.7d-2.7l). Despite this pulverization process, the 
pulverized Si particles were securely encapsulated with the graphene layers, keeping Si 
particles electrochemically active within the carbon network and preventing their exposure 
to electrolyte. On the other hand, the sm-Si electrode without the protection of the graphene 
and carbon showed that the pulverized Si particles were electrically disconnected after 10 
cycles (Fig. 2.8).  
Recent study using waste Si showed that micro-sized Si particles with carbon 
coating still suffer from low cycling stability with the thick SEI formation.79 Thus, they 
employed nano-sized Si particles to improve the cycling stability.79 This study indicates 
that only graphene coating on the micro-sized Si particles cannot accommodate the large 
volume change of the Si during cycling. Thus, the excellent cycling stability of the sm-Si 
electrode can be attributed to its unique 3D structure consisting of porous graphene network 
and amorphous carbon layers which effectively encapsulates the Si particles. 
To further understand such enhanced electrochemical performance of the sm-
Si@C/Gr electrodes, EIS was employed (Fig. 2.9). The Nyquist plot of the sm-Si@C/Gr 
electrodes consist of two semicircles and a low-frequency tail. Using the equivalent circuit 
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model, we can evaluate the SEI resistance (RSEI) that indicates the ionic diffusion resistance 
of Li ions in the SEI layer.60, 99 The calculated RSEI values of the sm-Si@C/Gr were 75 and 
92 Ω after 1st and 10th cycles, respectively. On the other hands, the pristine sm-Si electrode 
showed a higher RSEI value of 2033 Ω after 1st cycle and this was immensely increased to 
9199 Ω after 10th cycle, indicating a large RSEI as well as its fast increase during cycling. 
This comparison shows the fast surface kinetics of the sm-Si@C/Gr with the effective 
suppression of the SEI layer formation, further confirming the effective roles of the 3D 
carbon network surrounding sm-Si particles. 
 
 
Figure 2.8 ex-situ HRTEM images of the bare submicron Si. (a) Submicron Si 
particles before cycling. (b) Pulverized Si particles after 10 cycles. The cycling was 





Figure 2.9 Electrochemical impedance spectroscopy of the sm-Si@C/Gr (a) Nyquist 
plot after the 1st and 10th cycles. (Inset: Nyquist plot of the pristine sm-Si electrode). 
(b) Equivalent circuit model comprised of electrolyte resistance (RS), SEI film 




In conclusion, we revealed that sm-Si particles recovered from Si waste can be 
fabricated as a high-performance anode for LIBs.  From the versatile hydrothermal 
assembly, sm-Si particles were securely encapsulated with multilayer carbon network 
including both carbon coating and three-dimensional porous graphene. Despite their large 
sizes of sm-Si particles, the composite electrodes exhibited excellent cycling stability, 
retaining 84% of the initial capacity at the 100th cycles. In addition, they showed high rate- 
capability of 950 mAh g-1 at 5 A g-1 owing to the carbon network, which is comparable to 
or even higher than nano-sized Si anodes. We further revealed that the pulverized sm-Si 
particles upon cycling were securely encapsulated within the carbon network, which can 
maintain their charge storage capability during cycling. Our design approach based on Si 
waste and simple fabrication process suggests a scalable route for developing cost-effective 
and high-performance anodes for LIBs. 
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CHAPTER 3.  
GRAPHENE AS A TWO-DIMENSIONAL TEMPLATE  
Reproduced from Tianyuan Liu, Byeongyong Lee, Michael J. Lee, Jinho Park, Zhongming 
Chen, Suguru Noda and, Seung Woo Lee, Improved capacity of redox-active functional 
carbon cathodes by dimension reduction for hybrid supercapacitors. J. Mater. Chem. A., 
2018, 6, 3367-3375. Royal Society of Chemistry specifies that permission request for 
reproduction if the reproduction is for thesis. 
3.1 Overview 
Various ACs have been adopted as a capacitor-type cathode for HSC due to their high  
electrical conductivity and large surface area.14 However, the poor capacity of activated 
carbon cathodes (~38 mAh g-1)100 which is much lower than intercalation-type anodes, has 
limited the energy density of the HSC system. As such, much effort has been devoted to 
increasing the capacity of ACs by tailoring the pore structure or by doping with 
heterogeneous atoms such as nitrogen and oxygen.101-102 These strategies have increased 
the capacity of ACs (71~120 mAh g-1), but is still much lower than the counter anodes.102 
Furthermore, under the unbalanced capacities, high-mass loading cathode is required. Thus, 
it is imperative to develop a high-capacity cathode, in particular a thick electrode with high 
areal mass loading, in order to improve the performance of HSCs.103 
The synthesis of AC materials requires complex chemical treatments and high-
temperature heating processes.14, 104 Therefore, it is desirable to simplify the synthesis 
processes of carbon electrodes based on the sustainable source such as naturally grown 
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biomass. Heat treatment of an aqueous solution of saccharides, such as glucose and sucrose, 
in a closed container at a moderate temperature (150-350 °C) produces carbonaceous 
microspheres containing copious surface oxygen functional groups, so-called 
hydrochars.105-106 This process, called HTC, has been studied since the early 20th century 
to understand coal formation mechanisms.105 Recently, HTC has received new attention 
due to its versatility to synthesize functional carbon materials for environmental, catalytic, 
biological, and electrochemical applications.106 Recent studies on HTC have focused on 
controlling the physical and chemical structures of the hydrochars, and also synthesizing 
hybrid materials with various metal nanoparticles.107-108 However, the resulting 
carbonaceous products could not be used as active electrode materials for energy storage 
applications due to their insulating property. Recently, we have fabricated a composite 
electrode composed of the CSs produced by HTC of glucose and conductive carbon 
nanotubes (CNTs).109 In the conductive CNT network, CSs showed redox reactions 
between the surface oxygen functional groups and Li-ions in the voltage of 1.5-4.5 V vs. 
Li/Li+. Utilizing the redox reactions, these CS based electrodes exhibited high capacities 
of ~153 mAh g-1, but their capacity enhancement was not significant compared to the 
previously reported AC based cathodes. 
 
3.2 Approach 
Recently, 2D heterostructured materials prepared by combining conductive graphene 
sheets110 and various redox-active nanosheets have been studied for energy storage 
applications.110-111 These 2D systems can take the advantage of improved kinetics for 
electrochemical charge storage reactions due to the easy transport of electrons and ions 
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compared to the bulk 3D intercalation-type electrode.111 Herein, we envision that 
integrating the redox-active carbonaceous product into a controlled 2D structure. We 
prepared a heterostructured two-dimensional functional carbon (TDFC) by a simple HTC 
of biomass (glucose) at a mild temperature (200 °C) and GO was used as two-dimensional 
template. The physical and chemical structures of the carbonaceous product can be 
manipulated by adjusting the concentration of the GO templates. The TDFC exhibits a very 
high capacity of ~250 mAh g-1 in a Li-cell, which is significantly higher than those of the 
hydrothermally synthesized CS (~153 mAh g-1) and modified AC (~120 mAh g-1) 101. Even 
with a commercial level mass-loading of ~9.3 mg/cm2, TDFC maintains a high capacity of 
~243 mAh g-1 in a Li-cell. The hybrid supercapacitor, which consists of the high-mass 
loading TDFC cathode and Si-based anode, delivers a high-energy density of ~182 Wh/kg 
at a high-power density of 1 kW kg-1 and maintain its performance over 3,000 cycles. 
 
3.3 Experimental Methods 
3.3.1 Material Preparation  
Graphene oxide (GO) was synthesized by the Modified Hummer's method. To 
prepare the two-dimensional functional carbon sheets (TDFC-X), D-(+)-Glucose (Sigma 
Aldrich) of 3 mg mL-1 was mixed with GO of 0.X mg mL-1 (X= 1 or 5) in deionized (DI) 
water by short sonication for 10 min. The glucose solution with the GO templates was then 
sealed in a Teflon-lined autoclave for the template-assisted hydrothermal carbonization at 
200 °C for 18 h. After the autoclave was naturally cooled down to room temperature, 
carbonaceous products (TDFC-X) were collected by filtration. Carbon spheres (CSs) were 
also synthesized by the same process to the TDFC without GO. 
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The Si-based anode was prepared by hydrothermal assembly of Si nanoparticle and 
GO. In brief, Si nanoparticles (US Research Nanomaterials, Inc, 50-70 nm) were dispersed 
in DI water (10 mg mL-1 of Si nanoparticle dispersion) and then, 0.1 mL of Poly 
(diallyldimethylammonium chloride) was added into the Si nanoparticle dispersion to 
convert change the surface charge from negative to positive. 3 mL of the Si nanoparticle 
dispersion was added into 30 mL of 2 mg mL-1 GO dispersion. The mixture of the Si 
nanoparticle and GO was hydrothermally assembled at 180 oC for 12 h. After the 
hydrothermal reaction, the obtained hydrogel (Si/RGO) was freeze-dried subsequent 
thermal annealing at 450 oC for 3.5 h under Ar environment. 
 
3.3.2 Material Characterization 
The microstructures of the carbonaceous products and composite films were 
characterized using SEM (Hitachi SU8010, operated at 5 kV), TEM (Hitachi HT7700, 
operated at 120 kV), and AFM (Veeco AFM). The Raman spectra of carbon materials were 
collected by a Thermo Nicolet Almega XR Dispersive Raman Spectrometer using a 488-
nm wavelength laser. FTIR spectra were measured by Thermo Scientific Nicolet iS50 at 
ATR mode. XPS (Thermal Scientific K-alpha XPS instrument) was employed to analyze 
the chemical composition of the carbon materials. High-resolution C 1s peaks were fitted 
using XPSPEAKS 4.1 software. Electrical conductivities of the films were measured by a 
standard four-point probe configuration (Signatone). TGA of carbon materials was carried 
out by Q600 TGA/DSC in a temperature range of 50~700°C under air environment with a 
ramping rate of 5°C min-1. 
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3.3.3 Electrochemical Measurement 
TDFC-X or CS were mixed with few-walled carbon nanotubes (CNTs, 30 wt%) 112 
by a sonication. Then vacuum-filtration was performed to prepare free-standing TDFC-X 
and CS electrodes. In this structure, the CNTs serve as internal current collectors to enable 
electron transport to the carbonaceous products. The films were dried in a vacuum oven at 
70 °C overnight before use. The densities of electrodes were 0.30~0.4 g cm-3. Loading 
densities of the prepared electrodes were 2.7~9.3 mg cm-2 based on the mass of the 
carbonaceous products. Two-electrode type Swagelok cells were used for electrochemical 
measurements. Both Li- and Na-cells were assembled in an Argon-filled glovebox 
(MBraun). The free-standing TDFC (or CS) electrode and a piece of Li (or Na) were used 
as cathode and anode, respectively. The separators for Li-cells are two pieces of Celgard 
2500, while a piece of glass fiber membrane (Whatman) was used for Na-cells. 1 M LiPF6 
in a mixture of EC and DMC (3:7 volume ratio, BASF) was used as an electrolyte for Li-
cells and 1 M NaPF6 in EC:DMC (3:7 volume ratio) was used as electrolyte in Na-cells. 
The voltage window was kept at 1.5-4.5 V vs. Li for Li-cells and 1.3-4.2 V vs. Na for Na-
cells, respectively. Current densities were controlled from 0.05 to 5 A/g during the rate-
dependent GCD tests. At each end of charging and discharging, the voltage was held for 
30 min at either 4.5 V or 1.5 V vs. Li for Li-cells (4.2 V or 1.3 V vs. Na for Na-cells). The 
cycling stability of the carbon electrodes was tested via an accelerated cycling method up 
to 10,000 cycles based on previous reports.113-114 The measurement current density was 0.1 
A g-1 and cycling current density was 10A g-1. Capacitance and capacity in half-cells were 
normalized by the mass of carbonaceous products (TDFC-X or CS). EIS measurement was 
performed in the frequency range of 10 mHz-100 kHz with a voltage amplitude of 10 mV. 
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For the full-cell assembly, the Si anode was prepared by mixing 82 wt% of the Si/RGO 
with super P carbon black as a conductive additive and sodium carboxylic cellulose as a 
binder. The Si/graphene electrode was assembled with a piece of Li metal and then, pre-
lithiated to 0.03 V vs. Li in 1M LiPF6 in EC:DMC with 10% FEC additive. The lithiated 
Si electrodes were employed as counter electrodes for TDFC-1 electrodes. 
 
Figure 3.1 Schematic illustration and morphology characterization of TDFC. (a) 
Schematic preparation of TDFC via template-assisted HTC process of glucose. SEM 
images of (b) TDFC and (c) CS. TEM investigation of (d, e) TDFC-1 and (g, h) TDFC-
5. AFM of (f) TDFC-1 and (i) TDFC-5. 
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3.4 Results and Discussion 
The general HTC process of saccharides undergoes dehydration, condensation, 
polymerization and aromatization  reactions through a self-nucleation, producing 
carbonaceous microspheres.105-106, 109 Assuming that the redox reactions take place at the 
surface oxygen functional groups,115 we cannot efficiently utilize the bulk core of the 
carbon spheres for the redox reactions (Fig. 3.1a). Therefore, in order to utilize the surface 
redox reactions effectively, we synthesized ultra-thin TDFC by a template-assited HTC 
process of glucose. The GO sheets (0.1 or 0.5 mg mL-1) were dispersed as 2D templates in 
an aqueous solution of glucose (3 mg mL-1). While the glucose solution was transparent, 
the mixture of glucose and GO templates showed a light yellow color similar to the GO 
dispersion (Fig. 3.2). After a hydrothermal reaction at 200 oC for 18 h, the color of the GO 
dispersion (0.1 mg mL-1) turned black without appreciable precipitation. In contrast, the 
glucose solution and the mixture of glucose and GO templates were converted to brown 
dispersions with many precipitates (Fig. 3.2). The precipitates represent the formation of 
carbonaceous materials under the hydrothermal condition. Scanning electron microscopy 
(SEM) images reveal the morphologies of the synthesized carbonaceous products (Fig. 
3.1b,c). The carbonaceous product obtained from the pristine glucose solution showed 
typical CSs having a size of 80~200 nm. On the other hand, we observed the planar shape 
of the carbonaceous products obtained from the mixture of glucose and GO template. This 
transition indicates that a small amount of GO plays a crucial role in the nucleation and 
growth of the carbonaceous product, generating the TDFC on the GO.93 We labeled the 
TDFC as a function of the GO concentration (TDFC-X), where X indicates the 
concentration of the GO template (0.X mg mL-1, X=1 or 5). 
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Figure 3.2 Digital images before and after the hydrothermal carbonization process. 
Before the hydrothermal reaction, GO (0.1 mg mL-1, top left), glucose (3 mg mL-1, top 
middle), and the mixture of GO and glucose (top right) displayed transparent colors. 
 
The morphologies of the TDFC-X were investigated by TEM andAFM. At a low 
GO concentration of 0.1 mg mL-1, the synthesized TDFC-1 showed a smooth and thin 
carbon film similar to GO surface (Fig. 3.1d-f). The AFM height profile of the individual 
TDFC-1 was found to be 15~30 nm, which is higher than GO (~2 nm) (Fig. 3.3). Assuming 
the uniform deposition of TDFCs on both sides of the GO surface, the thickness of the 
TDFC is only about 7~15 nm, which is significantly reduced dimension compared to that 
of the CS (80~200 nm). As the concentration of GO increased to 0.5 mg mL-1, the thickness 
of the TDFC-5 increased and its surface became rougher (Fig. 3.1g-i). We postulate that 
an excess amount of the GO template can lead to self-assembly of the RGO sheets, which 
may result in non-uniform nucleation and growth of the carbonaceous product on the 
stacked RGO substrates. The previous study showed that monolithic gel is formed by self-
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assembly of the RGO during the HTC process when the concentration of GO is high 




Figure 3.3 Morphology characterization of GO. TEM images of GO at (a) low and (b) 
high magnification. (c) AFM image of GO. GO shows planar morphology and thin 
thickness of ~2 nm. 
 
The chemical and physical structure of TDFC and CS was investigated by various 
techniques, including XPS, FTIR spectroscopy, XRD, Raman spectroscopy and TGA. XPS 
wide scan survey was used to compare the atomic ratio of oxygen to carbon (O/C) of the 
carbon materials (Fig. 3.4). GO powder showed the highest O/C ratio of 0.5 and the ratio 
decreased to ~0.12 after the hydrothermal process. The CS, prepared without the GO 
templates, showed a high O/C ratio of ~0.32. The ratio gradually decreased to 0.21 (TDFC-
1) and 0.18 (TDFC-5) as the concentration of the GO-template increased. The surface 
oxygen chemistries of the carbonaceous products were investigated by high-resolution C 
1s spectra fitted by five carbon peaks: sp2-hybridized carbon at 284.5 eV, sp3-hybridized 
carbon at 285.2±0.2 eV, -C-O at 286±0.2 eV, -C=O at 286.9±0.2 eV, and -COOH or -
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COOR at 288.9±0.2 eV (Fig. 3.5a-d).116 The portion of sp2-hybridized carbon gradually 
increased from CS to TDFC-5, while the amount of surface oxygen functional groups 
decreased with increasing GO-template concentration. Consistent with the XPS results, the 
FTIR spectra also showed various oxygen functional groups, including -OH (3000-3700, 
1020 cm-1), -C=O (1710 cm-1), and -COOH (1620 cm-1) (Fig. 3.6). CS showed clear –OH 
band peak at 3400 cm-1. The TDFCs showed a significantly reduced peak intensity for -OH 
(3000-3700 cm-1), indicating that the GO-template can promote the formation of 
hydrocarbon.105 
The XRD patterns of the GO powder displayed a sharp peak at 10.4°, which 
corresponds to (002) diffraction with an interlayer distance of 0.85 nm. This peak was 
broadened and shifted to ~25° corresponding to an interplanar spacing of 3.56 Å as the GO 
was hydrothermally reduced to RGO (Fig. 3.7).117 This broad peak of RGO is due to the 
poorly ordered graphene layers along the stacking direction.118 The TDFC and CS also 
displayed a broad peak around 25°, but the TDFCs showed slightly sharper peak than that 
of the CS due to the incorporated RGO. Raman spectra of the carbon materials exhibited 
two characteristic peaks at ~1380 cm-1 (D band) and ~1600 cm-1 (G band) (Fig. 3.5e).119 
The G band of the carbonaceous products corresponds to E2g mode of graphite and sp2 
stretch vibration, while the D band attributes to A1g breathing mode of benzene or 
condensed benzene regions in amorphous carbon.105 Thus, these bands on both CS and 
TDFC indicate the formation of small aromatic clusters during the HTC process of glucose. 
The TGA weight loss curves of the carbon materials were compared in Fig. 3.5f. The 
maximum weight loss temperature120 was found to increase from 425 °C for CS to 490 °C 
for TDFC-5 as the concentration of GO-template increased. This indicates the enhanced 
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thermal stability of the TDFCs compared to CS due to the enhanced carbonization and 
increased amount of the graphitic carbons. 
 
 
Figure 3.4 XPS characterization of TDFCs and CS. (a) Wide scan surveys and (b) 




Figure 3.5 Various characterization of the carbonaceous products. High-resolution C 
1s spectra of (a) RGO, (b) CS, (c) TDFC-1 and (d) TDFC-5. (e) Raman spectra 
investigation of the carbonaceous products. (f) TGA of the various carbonaceous 












Figure 3.8 Electrochemical characterization of TDFC by cyclic voltammetry. (a) 
Initial CV scans of TDFC-1 at 1 mV s-1. (b) Steady-state CV scans of CS, TDFCs at 1 
mV/s in Li-cells. (c) Potential-dependent CV scans of TDFC-1. (Inset: estimated 
contributions of Faradaic capacitance and electrical double layer capacitance). (d) 
Steady-state CV scans of TDFC-1 and CS at 1 mV s-1 in Na-cells. Rate-dependent CV 
scans of TDFC-1 in (e) Li- and (f) Na-cells. Insets in (e) and (f) are anodic and cathodic 
currents of TDFC-1 in Li- and Na-cell, respectively. 
 
To investigate the charge storage characteristics of the carbonaceous products, free-
standing electrodes were prepared by filtering an aqueous dispersion of the TDFCs (or CSs) 
and sub-millimeter long few-walled CNTs. CV measurements were carried out in the 
voltage range of 1.5-4.5 V vs. Li for Li-cells and 1.3-4.2 V vs. Na for Na-cells (Fig. 3.8). 
The first forward CV scans of the TDFC and CS electrodes showed a broad oxidation peak 
centered at ~3.2 V vs. Li and a subsequent oxidation wave at the onset potential of ~4 V 
vs. Li (Fig. 3.8a and Fig. 3.9). The oxidation wave in the high potential region can be 
attributed to the anodic polymerization of the polycyclic aromatic hydrocarbons in the 
carbonaceous products.121 The oxidation wave gradually decreased to steady-state in 
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several cycles and the stable redox peak was developed around 3.2 V vs. Li, which can be 
ascribed to the redox reactions between oxygen functional groups and Li ions.113-114 A 
recent density functional theory (DFT) computation study on reduced graphene oxide have 
showed that the carbonyl group among various oxygen functional groups has the highest 
redox potential of ~3 V vs. Li.122 
 
 
Figure 3.9 Electrochemical characterization of CS and TDFC-5 by cyclic 
voltammetry (CV) scans in Li-cells. Initial and steady-state CV scans of (a) CS and 
(b) TDFC-5 at 1 mV s-1 in Li-cells. CV scans were carried out in the voltage range of 
1.5-4.5 V vs. Li. 
 
The TDFC-1 exhibited the highest capacitance of ~196 F g-1, which is almost 2-
fold higher than that of the CS (~109 F g-1) (Fig. 3.8b). The enhanced capacitance of the 
TDFC indicates that the 2D thin film structure of the oxygen-rich carbonaceous material 
allows a more efficient utilization of the redox reactions than the larger spherical product 
due to the reduced diffusion length of the electrolyte ions into the redox-active region. In 
addition, the higher capacitance of the TDFC-1 (~196 F g-1) compared to that of the TDFC-
5 (~163 F g-1) may be attributed to the higher concentration of the redox-active oxygen 
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functional groups. Potential dependent CV measurement was performed to estimate the 
contribution of redox reactions to the overall capacitance of the TDFC-1 (Fig. 3.8c). In the 
low potential region of 1.5-2.5 V vs. Li/Li+, the CV scan of TDFC-1 showed a low 
capacitance of ~37.2 F g-1. The box-like CV shape indicates that the charge storage in this 
low potential region is mainly due to double layer capacitance.113 As the potential window 
sequentially increased from 1.5-2.5 to 1.5-4.5 V vs. Li, the redox peaks were progressively 
developed in the CV scans. Assuming a constant double layer capacitance, which was 
measured in the potential region of 1.5-2.5 V vs. Li, the estimated contribution of redox 
reactions was found to be ~80% maximum. 
 
Figure 3.10 Electrochemical characterizations of the CS and TDFCs by cyclic 
voltammetry (CV) scans in Na-cells. Initial and steady-state CV scans of (a) CS, (b) 
TDFC-1 and (c) TDFC-5 at 1 mV s-1 in Na-cells. CV scans were carried out in the 
voltage range of 1.3-4.2 V vs. Na. 
 
Similar to the CV results in Li-cells, the TDFC-1 and CS electrodes exhibited the 
oxidation wave at the high potential region during the first scan and subsequent stable 
redox peak around ~2.9 V vs. Na/Na+ in Na-cells (Fig. 3.10). Interestingly, the redox peaks 
in Na-cells are relatively broader than those in Li-cells, which may be due to the larger size 
of Na-ions than that of Li-ions.113 The TDFC-1 also exhibited a considerably higher 
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capacitance of ~196 F g-1 than that of the CS (~85 F g-1) in Na-cells (Fig. 3.8d). Moreover, 
the redox characteristic of the TDFC-1 was well preserved up to a high scan rate of 25 mV 
s-1 in both Li- and Na-cells (Fig. 3.8e,f). The anodic and cathodic currents measured at 3.2 
V in Li-cells and 3.0 V in Na-cells were found to increase linearly with the scan rates, 
indicating surface-controlled redox processes.113 
 
Figure 3.11 Specific discharge capacity of TDFC-1 and CS at varied current density 
from 0.05 A g-1 to 5.0 A g-1 in (a) Li- and (b) Na-cells. (c) Specific discharge capacity 
of TDFC-1 and CS in Li- and Na-cells up to 10,000 cycles. Li- and Na-cells were 




The charge storage performances of the TDFC and CS electrodes were further 
assessed by galvanostatic charge/discharge tests in Li-cells (Fig. 3.11 and Fig. 3.12). Both 
the TDFC-1 and CS electrodes showed sloped charge and discharge profiles, which are 
originated from combination effects of double-layer capacitance and multiple redox 
reactions of the different oxygen functional groups and Li-ions 113, 123. At a low current 
density of 0.05 A g-1, the TDFC-1 delivered a high capacity of ~250 mAh g-1, which is 
considerably higher than that of the CS (~153 mAh g-1). The TDFC-1 electrode also 
exhibited excellent rate-performance by maintaining ~51% of its capacity (~128 mAh g-1) 
at a 100 times higher current density (5 A g-1). In contrast, the CS only retained 36% of its 
capacity at a high current density of 5 A g-1. 
 
Figure 3.12 Rate-dependent GCD profiles of TDFC-1 and CS in Li-cells. (a) TDFC-1. 
(b) CS. Li- -cells were operated in the voltage range of 1.5-4.5 V vs. Li. The voltage 




Figure 3.13 EIS measurement of the carbonaceous products. EIS measurement of 
TDFC-1, TDFC-5 and CS was carried out from 100 kHz to 10 mHz with an amplitude 
of 10 mV. The impedance was multiplied by the electrode area to obtain normalized 
real and imaginary impedances. 
 
Electrochemical impedance spectroscopy (EIS) measurements were carried out to 
understand the difference of the rate-performance between TDFC and CS electrodes (Fig. 
13). In the Nyquist plot, the intercept of the real Z'-axis represents the equivalent series 
resistance (ESR) due to bulk electrolyte/electrode resistance and contact resistance, and the 
semicircle at high-to-mid frequency indicates charge transfer resistances (Rct). The TDFC-
1, TDFC-5 and CS electrodes showed similar ESR values of 0.25~0.57. On the other hand, 
the Rct value progressively decreased from 736 for the CS, to 354 for the TDFC-5, to 234 
ohmꞏcm2 for the TDFC-1, indicating facilitated charge transfer with reduced dimension of 
functional carbons. The electrochemical performance trends of the TDFC and CS 
electrodes in Na-cells were similar to those in Li-cells (Fig. 3.11b and Fig. 3.14). The 
TDFC-1 delivered a high capacity of ~210 mAh g-1 at a current rate of 0.05 A g-1 in Na-
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cells, which is significantly higher than that of the CS (~125 mAh g-1). Furthermore, the 
TDFC-1 maintained 48% of its high capacity at a high current density of 5 A g-1, whereas 
the CS only retained ~20% of its capacity. These results indicate that the TDFC stores 
charge more effectively than the CS for both Li- and Na-ions. 
 
 
Figure 3.14 Rate-dependent galvanostatic charge/discharge (GCD) profiles of TDFC-
1 and CS in Na-cells. (a) TDFC-1. (b) CS. Na-cells were operated in the voltage range 
of 1.3-4.2 V Na. The voltage profiles were measured from 0.05 to 5 A g-1. 
 
To investigate the mass loading effect on performance, we further increased the 
loading density of the TDFC-1 from 2.7 mg cm-2 to a commercial loading scale of 9.3 mg 
cm-2 (Fig. 3.15). It should be noted that loading densities of most reported carbon-based 
cathodes (0.4~2 mg cm-2) are much lower than the commercial scale (~10 mg cm-2).104, 124 
The TDFC-1 with a high loading density (9.3 mg cm-2) showed no apparent capacity 
difference from that with an ordinary loading density (2.7 mg cm-2) until the current density  
reached ~1 A g-1, and only small differences at higher current densities. This superior rate-
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performance of the TDFC even with the commercial loading-scale should be attributed to 
the fast redox-reactions within the ultra-thin 2D structure. Remarkably, the TDFC-1 
electrode exhibited a stable cycling performance up to 10,000 cycles without noticeable 
differences in GCD profiles for both Li- and Na-cells (Fig. 3.11c and Fig. 3.16). The 
TDFC-1 in both Li- and Na-cells exhibited superior capacity and cycling stability 
compared to other organic-based cathodes (Tables 3.1 and 3.2).101, 103-104, 124-130 
 
Figure 3.15 (a) Comparison of specific discharge capacity of TDFC-1 at different 
loading scales. (b) Rate-dependent GCD profiles of TDFC-1 at the high mass loading 
(9.3 mg cm-2). Li-cells were operated in the voltage range of 1.5-4.5 V vs. Li at varied 
current density from 0.05 to 5 A g-1.  
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Figure 3.16 GCD of the TDFC-1 before and after cycling. (a) Li-cell at a voltage 
window of 1.5-4.5 V vs. Li. (b) Na-cell at a voltage window of 1.3-4.2 V vs. Na. The 



























































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































We evaluated the performance of the Li-HSC by combining the commercial loading-
scale TDFC-1 (9.3 mg cm-2)  cathode with a Si-based anode.131 The Si-based anodes were 
pre-lithiated against a piece of Li metal to introduce Li source for the full-cell assembly. 
The galvanostatic charge/discharge profiles of the full-cell were investigated at different 
upper cut-off voltages. In the voltage window of 1.3-4.2 V, the TDFC-1 in the full-cell 
exhibited a capacity of ~180 mAh g-1 at a current density of 0.05 A g-1 (Fig. 3.17). 
 
 
Figure 3.17 Rate-dependent galvanostatic charge/discharge (GCD) profiles of TDFC-
1 in the full-cell.  The full-cell were operated in the voltage range of 1.3-4.2 V at varied 
current density from 0.05 to 5 A g-1. 
 
As the upper cut-off voltage increased from 4.2 to 4.3 V, the TDFC-1 delivered a 
high capacity of ~205 mAh g-1 (a corresponding areal capacity of ~1.91 mAh cm-2) at 0.05 
A g-1 (Fig. 5a), which is 82% of that in Li half-cells. Based on the rate-dependent 
galvanostatic charge/discharge profiles (Fig. 3.18a), the energy and power density of the 
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full-cells were projected onto a Ragone plot (Fig. 3.18b). We calculated the energy and 
power density of the full-cell based on the total mass of the active materials in both the 
anode and cathode. The maximum energy density of the full-cell was found to be ~290 Wh 
kg-1. At a high power density of 1 kW kg-1, the full-cell can deliver a high energy density 
of 182 Wh kg-1. It should be noted that this energy density was achieved with the 
commercial loading scale of the TDFC-1 (~9.3 mg cm-2) and can be further increased by 
optimizing the mass ratio to the electrodes. In order to estimate actual device-based 
performance, we further divided the Ragone plot of the full-cell by factors of 3~4. It should 
be noted that the factors of 3~4 are applicable only to the commercial loading density of 
~10 mg cm-2 for carbon-based electrodes.132 The estimated energy densities were found to 
be 10~28 Wh/kg at high power densities of 1~2 kW kg-1. This estimated performance 
indicates that the TDFC-based full-cell can potentially bridge the performance gap between 
conventional supercapacitors and LIBs.5 The cycling stability of the full-cell was evaluated 
by repeating a slow charge/discharge capacity measurement cycle at 0.1 A g-1 and 99 
accelerated cycles at 5 A g-1 up to 2,000 cycles at the voltage window of 1.3-4.2 V. At the 
end of the 2,000 cycles, the full-cell was rest at open circuit for 8 hours, and then further 
cycled at the voltage window of 1.3-4.3 V up to 3,000 cycles (Fig. 3.18c). The full-cell 
retained ~85% of its initial discharge capacity over 2000th cycle with high Coulombic 
efficiency over 99%. After the rest, the full-cell showed a recovery of its capacity and a 
negligible change in capacity during the additional 1,000 cycles at a different voltage 
window of 1.3-4.3 V 
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Figure 3.18 Electrochemical characterization of high-mass loading TDFC-1 in full-
cell assembly. (a) Rate-dependent GCD profiles of the TDFC-1 in a full-cell assembly 
at a voltage window of 1.3-4.3 V. (b) Ragone plot of the full-cell calculated from (a). 
Power- and energy-densities of the full-cell were normalized by all electro-active 
material in both the anode and cathode. (c) Cycling stability of the full-cell measured 
by an accelerated cycling test method up to 3,000 cycles.  
 
3.5 Conclusions 
In this study, the ultra-thin (10~20nm) TDFC with abundant redox-active oxygen 
functional groups via a template-assisted hydrothermal carbonization process of glucose 
has been synthesized. The unique 2D thin film structure of the TDFC enables more efficient 
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utilization of the redox reactions compared to the conventional CS, delivering significantly 
enhanced capacities of ~250 mAh g-1. We have therefore revealed that reducing the 
dimension of functional carbon is a key approach to effectively utilize their redox-
reactions. In addition, the hybrid supercapacitors consisting of the commercial loading 
scale TDFC-1 cathode (~9.3 mg cm-2) and a Si-based anode exhibited a high energy-
density of 182 Wh kg-1 at a high-power density of 1 kW kg-1. However, it should be 
mentioned that the performance of the hybrid supercapacitors is not fully optimized. 
Combining the TDFC with a capacitive anode, such as graphene, may improve the overall 
power performance and cycling stability of the hybrid supercapacitors. The results 
highlight the importance of the structure control of the carbonaceous product to enhance 
the charge storage performance. This strategy can be extended by further reducing the 
dimension of functional carbons to 1D and 0D structures to improve the utilization of the 
redox reactions. In addition, surface chemistry control of the carbonaceous product is 
required in order to improve the redox reactions with Li- and Na-ions. Furthermore, other 
renewable biomass beyond glucose can be employed to produce more cost-effective 






CHAPTER 4.  
CRUMPLED GRAPHENE OXIDE CATHODE FOR LI-ION 
BATTERIES  
Reproduced from Byeongyong Lee, Chongmin Lee, Tianyuan Liu, Kwangsup Eom, 
Zhongming Chen, Suguru Noda, Thomas F. Fuller, Hee Dong Jang and, Seung Woo Lee, 
Hierarchical networks of redox-active reduced crumpled graphene oxide and 
functionalized few-walled carbon nanotubes for rapid electrochemical energy storage.   
Nanoscale 2016 8, 12330-12338. Royal Society of Chemistry specifies that permission 
request for reproduction if the reproduction is for thesis. 
4.1 Overview 
A critical hurdle of graphene based electrodes prepared from the GO 
dispersion is an irreversible restacking of graphene sheets during the preparation of 
electrodes due to the strong π-π interaction, decreasing electrochemically accessible 
surface area.32, 133-134 Various methods have been investigated for preventing the 
restacking issues of graphene based electrodes.32, 65, 92, 135-136 Nanocomposite 
electrodes with physical ‘spacers’, such as carbon black,40 nanodiamond,41 and 
CNT,42 were employed to separate the graphene sheets, thereby securing the active 
surface area. In addition, 3D graphene assembly was developed by hydrothermal 
reduction43 or freeze-drying44 processes of the GO dispersion, providing large 
accessible surface with an interconnected network structure.23, 75 Recently 
introduced crumpled graphene has a strong aggregation-resistive characteristic 
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owing to its unique 3D ball morphology, proposing a promising solution to prevent 
the restacking problem.32, 40 The crumpled graphene was employed as electrode 
materials for EDLCs, one type of ECs, demonstrating enhanced capacitance and 
rate-capability.137 However, the energy density of the crumpled graphene based 
EDLC is still significantly lower than those of pseudocapacitor or LIBs utilizing 
redox (Faradaic) reactions.114, 137 
 
4.2 Approach 
A rising strategy to improve the energy density of carbon-based electrodes is 
introducing redox-active functional groups to support pseudocapacitance (surface redox 
reaction) on top of double layer capacitance.57, 70, 91, 114, 116, 138-142 Previous studies showed 
reversible redox reactions between Li ions and oxygen functional groups, such as carbonyl 
groups, on the various carbon supports, including CNT,91, 114, 116, 139-142 reduced 
graphene,122, 143 and biomass derived carbon spheres,48 at high redox potential of ∼3 V vs. 
Li/Li+. Thus, we envision that if these redox reactions are introduced onto the partially 
reduced crumpled graphene oxide (r-CGO), the energy density of the r-CGO based 
electrodes can be considerably improved while maintaining their high rate-capability. 
 
4.3 Experimental Methods 
4.3.1 Sample Preparation 
Colloidal GO solution was prepared using the modified Hummers’ method.91, 144 
Partially reduced crumpled graphene oxide (r-CGO) was synthesized from sprayed 
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droplets of the colloidal GO solution by aerosol spray pyrolysis.32, 75 The 0.5 wt% of the 
GO solution was nebulized in an ultrasonic atomizer (Htech Co, model US-06) to generate 
sprayed water droplets containing GO nanosheets. The droplets were carried by Ar gas 
with a flow rate of 10 L/min into a pre-heated (~300 °C) tubular furnace.  The as-fabricated 
r-CGO via evaporation of water in the droplets and concomitant thermal reduction was 
collected from a filter located at the end part of the tubular furnace, and the gathered r-
CGO was dispersed in deionized water and ethanol (volume ratio, 1:1) in a bath sonicator 
for 10 min. FWNT was prepared by a chemical vapor deposition method.129, 145 The FWNT 
was oxidized by an acidic treatment.91  In brief, 100 mg of the pristine FWNT was refluxed 
in a mixture of 150 mL of H2SO4 and 50 mL of HNO3 at 80 °C for 2 h. The f-FWNT was 
obtained after rinsing the mixture with 5 vol % of HCl solution in DI water and followed 
by rinsing with DI water. Finally, the f-FWNT dispersion was obtained by ultrasonication 
of f-FWNTs in water and ethanol mixture (volume ratio, 1:1) for 40 min. 
The free-standing f-FWNT/r-CGO films were obtained by a vacuum filtration 
process.92 The f-FWNT and r-CGO dispersions were mixed and agitated for 30 min. The 
mixture was vacuum-filtrated with a polypropylene separator (Celgard 2500) as a filtration 
membrane. After an air-drying process for 1 h, the film was detached from the membrane 
followed by a vacuum drying overnight at 70 °C. The f-FWNT, GO and f-FWNT/GO 
electrodes were also obtained by the same preparation process of the f-FWNT/r-CGO. The 
f-FWNT/rGO was prepared by thermally reducing the f-FWNT/GO in a tube-furnace at 
200 °C for 2 h under Ar environment. 
 
4.3.2 Material Characterization 
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The morphology of the electrodes was investigated by cold field emission SEM 
(Hitachi SU8010, operated at 3 kV). TEM was carried out by JEOL JEM-ARM200F. The 
elemental analysis of the films was examined by XPS (Thermal Scientific K‐alpha XPS 
instrument) and C1s peaks were fitted by XPSPEAKS 4.1.122 Relative intensity of D and 
G band was examined by Raman Spectrometer (Thermo Nicolet Almega XR Dispersive 
Raman Spectrometer). XRD was investigated by X’Pert Pro Alpha-1. The electrical 
conductivity was measured by Lucas Lab Pro 4-point systems. Electrochemical impedance 
analysis was carried out by AutoLab Metrohm. 
 
4.3.3 Electrochemical measurement 
The prepared electrodes were cut into a small piece with a razor blade and directly 
used as positive electrodes without binders and conductive additives in Swagelok-type cells. 
A piece of pure lithium foil was used as negative electrodes. Celgard 2500 and 1 M LiPF6 
in a mixture of EC and DMC (volume ratio, 3:7, BASF) were adopted for separator and 
electrolyte, respectively. The Li-cells were assembled in a glove box (MBraun), 
maintaining O2 and H2O < 0.1 ppm. The electrochemical performances of the Li‐cells were 
investigated with a potentiostat/galvanostat (Bio‐Logic VMP3) in the voltage range of 1.5 
- 4.5 V vs. Li. The Li-cells were charged or discharged with varied galvanostatic current 
densities (from 0.1 to 10 A g-1), and the cell voltage was held constant for 30 min, 1.5 and 
4.5 V at each end of discharge and charge, respectively. The cycling stability was examined 
by an accelerated cycling test.122, 146 After completing 99 cycles at 10 A g-1 without holding 
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the voltage, the Li-cells were discharged/charged at 0.1 Ag-1 for one cycle with holding the 
voltage for 30 min. 
 
4.4 Results and Discussion 
Previously, the crumpled graphene was prepared by an aerosol spray evaporation of 
aqueous GO droplets at a high temperature of 800 °C followed by a chemical reduction 
process,137 resulting in very low oxygen contents. In this study, the partially reduced 
crumpled graphene oxide particle was prepared at a mild temperature of 300 °C without 
further chemical reduction process to maintain the oxygen-functional groups on the surface 
of the r-CGO. SEM and HRTEM images of the as-synthesized r-CGO displayed a wrinkled 
particle shape with the size range of 300~700 nm (Fig. 4.1a,b). High-magnification 
HRTEM images of the r-CGO particle displayed distorted ridges with several tens of 
nanometer in thicknesses (Fig. 4.1c,d).32 The f-FWNT was also prepared by chemically 
oxidizing FWNT via previously reported protocols.91, 129, 145 The HRTEM investigation 
clearly showed that the smooth outer surface of the pristine FWNT (Fig. 4.1e) has 
roughened after the oxidization process (Fig. 4.1f).  
This surface structural change is ascribed to the introduction of the oxygen functional 
groups on the surface of the FWNT.43 The composite, f-FWNT/r-CGO, films were 
prepared by filtering the mixture of the f-FWNT and r-CGO dispersion with varied mass 
ratios, yielding free-standing, additive-free electrodes with a density of ~0.4 g cm-3 (Fig. 
4.2). It should be mentioned that the assembly of the r-CGO only free-standing electrode 
is impossible owing to its strong aggregation resistant property. Therefore, sub-millimeter 
long FWNT145 was employed as a conductive binder to prepare free-standing composite 
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electrode. The f-FWNT/rGO composite electrode was also prepared using the mixture of 
the f-FWNT and conventional GO via VF process.141 In the mixture of the f-FWNT and 
GO, same mass of the f-FWNT and GO was used. The GOs within this electrode were 
further thermally reduced at 200 °C for 2 h under Ar environment, finally producing the f-
FWNT/reduced GO (rGO) composite electrodes. The microstructures of the f-FWNT/r-
CGO and f-FWNT/rGO composite electrodes were compared (Fig. 4.3). The f-FWNT/r-
CGO electrode with 1:1 mass ratio between the f-FWNT and r-CGO showed a 3D 
hierarchical porous structure, where the r-CGO was randomly entangled with f-FWNTs 
(Fig. 4.3a-d). We can envision fast ion and electron transport through this 3D porous 
network structure, enabling fast charge storage. In contrast, the f-FWNT/rGO electrode 
displayed a 2D alternating layered structure, where rGO sheets are separated by the inserted 
f-FWNTs (Fig. 4.3e,f). In this 2D structure, electrolyte ions can be readily transported 
along in-plane direction, but their fast transport through thickness direction can be 












Figure 4.1 (a) SEM image of the partially reduced crumpled graphene oxide (r-CGO). 
HRTEM images of the (b, c, d) r-CGO, (e) few-walled carbon nanotube (FWNT) and 








Figure 4.3 (a, b) SEM cross-section view images of the f-FWNT/r-CGO electrode. (c, 
d) HRTEM images of the f-FWNT/r-CGO electrode. (e, f) SEM cross-section view 




Figure 4.4 (a) Raman spectra of the f-FWNT/r-CGO and f-FWNT/rGO electrodes. 
(b) XRD investigation of the f-FWNT electrode. 
 
The f-FWNT/rGO and f-FWNT/r-CGO electrodes showed both D band at ~1370 
cm-1 and G band at ~1600 cm-1 (Fig. 4.4a).147 The D band arises from disorder of sp2-
hybridized carbon in graphene, while the G band is originated from in-plane stretching 
mode of carbon-carbon bond in graphitic materials.148 The relative intensity of D to G band 
(ID/IG) of the f-FWNT/r-CGO electrode was slightly higher (ID/IG = 0.98) than that of the 
f-FWNT/rGO electrode (ID/IG = 0.82), indicative of the more defect sites in the f-FWNT/r-
CGO electrode. X-ray diffraction (XRD) analysis was used to further investigate the 
structure of the assembled electrodes. The f-FWNT/GO electrode showed an intense peak 
at 2θ = 11.6° (an interlayer distance of 0.76 nm), which is similar to that observed in stacked 
graphene oxide sheets (Fig. 4.5a).149 This indicates that some of the GO sheets are still 
locally restacked, rather than the fully separated structure by the inserted f-FWNTs. A 
layered structure of graphitic materials can be characterized by (002) peak at the 2θ = 
26.2°.43 Previous study showed that graphite or restacked graphene sheets exhibit sharp 
(002) peaks at the 2θ = 26.2° due to their 2D layered structures, whereas the 3D graphene 
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hydrogels display broad and weak (002) peaks owing to the poor ordering along the 
stacking directions and their porous structure.150 After the thermal reduction process from 
the f-FWNT/GO to the f-FWNT/rGO, the intense peak at 2θ = 11.6° of the f-FWNT/GO 
electrode disappeared and the broad peak at 2θ = 25.7° (d-spacing of 0.35 nm) increased, 
which can be attributed to the removal of oxygen groups with the concomitant formation 
of the loosely packed rGO structure.150-151 In contrast, the f-FWNT/r-CGO electrode 
showed negligible peaks compared to those of other films, further illustrating its disordered 
structure. 
 
Figure 4.5 (a) X-ray diffraction (XRD) spectra of the composite electrodes. Surface 
chemistry investigation by high-resolution C1s spectra of the (b) partially reduced 
crumpled graphene oxide (r-CGO), (c) f-FWNT/r-CGO and, (d) f-FWNT/rGO. 
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The surface oxygen chemistry of the carbon materials was examined by XPS. 
Wide survey scan peaks with atomic ratios of oxygen to carbon (O/C) were 
compared for GO, r-CGO, f-FWNT, and the assembled electrodes (Fig. 4.6a). The 
GO had the highest O/C ratio of 0.41, while the r-CGO showed an O/C ratio of 0.26, 
indicative of its partially reduced structure.  The O/C ratio of FWNT (0.13) is lower 
than those of GO and r-CGO and thus the composite electrodes showed decreased 
O/C ratios for f-FWNT/GO (0.28) and for f-FWNT/rGO (0.17). The f-FWNT/rGO 
also showed an O/C ratio of 0.17, indicating compositional similarity of the oxygen 
functional groups to the f-FWNT/r-CGO. The density normalized electrical 
conductivities of the f-FWNT/GO, f-FWNT/rGO, and f-FWNT/r-CGO electrodes 
were found to be 22.7, 74.9 and 67.1 S cm2/g, respectively, showing a correlation 
with the O/C ratios of the electrodes.117, 152 The main components of oxygen 
functional groups were investigated by the high resolution C1s spectra (Fig. 4.5b-d 
and Fig. 4.6b-d). The peaks were fitted with sp3-hybridized carbon at 285.2 ± 0.2 
eV, hydroxyl or epoxide (-C-O) at 286.5 ± 0.2 eV, carbonyl (-C=O) at 288.2 ± 0.2 
eV, and carboxyl group (-COOH) at 290.2 ± 0.2 eV by setting the sp2-hybridized 
carbons at 284.5 eV as the basis.134, 149, 153 The C1s spectra of the r-CGO (Fig. 4.5b) 
displayed considerably reduced hydroxyl or epoxide group (-C-O) peak intensity 
and negligible change of carbonyl (-C=O) and carboxyl (-COOH) group peaks 
compared to those of the GO  owing to the partial reduction process at a mild 
temperature.141 The high resolution C1s spectra of the f-FWNT electrode showed 
similar oxygen functional group peaks yet slightly decreased intensities compared 
to those of the r-CGO. It is worth mentioning that the f-FWNT/r-CGO and 
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FWNT/rGO are compositionally similar as supported by the same O/C ratio of 0.17 
(Fig. 4.5c,d), providing good model systems to compare the electrochemical 
performance of the 2D and 3D nanostructured carbon electrodes.  
 
 
Figure 4.6 (a) Wide scan survey of the electrodes and r-CGO powder. High resolution 
C1s spectra of (b) the GO, (c) f-FWNT and (d) FWNT. 
  
Electrochemical charge storage characteristics of the composite electrodes were 
investigated by cyclic voltammetry (CV) tests in the voltage range of 1.5 ~ 4.5 V vs. Li/Li+ 
in Li-cells (Fig. 4.7a,b and Fig. 4.8). Comparison of CV scans at a slow scan rate of 1 
mV/s showed that the f-FWNT/r-CGO electrode exhibited higher gravimetric current 
density compared to that of the f-FWNT/rGO electrode (Fig. 3a). The f-FWNT/GO 
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electrode displayed negligible redox peaks despite its high oxygen content (Fig. 4.8a), due 
to the poor electrical conductivity of the GO.19 After the reduction process, the f-
FWNT/rGO electrode showed indistinct redox feature in the broad voltage range of 2.5-4 
V vs. Li. On the other hand, the f-FWNT/r-CGO electrode displayed significantly enhanced 
redox peaks centered at ~3 V vs. Li that are ascribed to the redox reactions between oxygen 
functional groups and Li ions.91, 114, 122, 141, 146 The difference of the gravimetric current 
density between f-FWNT/r-CGO and other electrodes became prominent at a high scan 
rate of 5 mV/s (Fig. 4.7b). The f-FWNT/r-CGO electrode still maintained its redox peaks 
with the increased gap between oxidation and reduction peak potentials, while other f-
FWNT/rGO and f-FWNT/GO electrodes only showed skewed CV shape with negligible 
redox behaviour. Since the O/C ratios and electrical conductivities of the f-FWNT/r-CGO 
and f-FWNT/rGO electrodes are similar, the enhanced charge storage performance of the 
f-FWNT/R-CGO can be attributed to its unique microstructure facilitating the surface 
redox reactions of the oxygen functional groups. We postulate that 3D hierarchical 
structure of the f-FWNT/r-CGO can provide continuous ion transport pathway into the 
inner space of the electrode for effective utilization of the oxygen functional groups, while 
2D layered structure of the f-FWNT/rGO have limited ion accessibility through the rGO 
layers. Galvanostatic rate capability tests were carried out for the assembled electrodes, 
showing sloped charge and discharge curves (Fig. 4.7c,d and Fig. 4.8b). The sloped charge 
and discharge profiles of the functionalized carbon electrodes can be attributed to the 
coupling of the charge storage mechanisms: double-layer capacitance and the surface redox 
reactions of various oxygen functional groups, as reported in a previous study.122 
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Figure 4.7 CV scans in the voltage range of 1.5-4.5 vs Li. at scan rates of (a) 1 mV s-1 
and (b) 5 mV s-1 of the composite electrodes. Rate-dependent GCD profiles of (c) the 
f-FWNT/r-CGO and (d) f-FWNT/rGO at the varied current densities of 0.1-10 A g-1. 
(e) Gravimetric capacity comparisons of the f-FWNT/r-CGO and f-FWNT/rGO as a 






Figure 4.8 (a) CV scans of the f-FWNT/GO composite electrode at scan rates of 1 
mV/s and 5 mV/s in the voltage window of 1.5-4.5 V vs. Li. (b) Rate-dependent GCD 
profiles of the f-FWNT/GO electrode. 
 
At a slow discharge rate of 0.1 A/g, the f-FWNT/r-CGO electrode exhibited 
a gravimetric capacity of ~154 mAh/g, which is higher than those of the f-
FWNT/GO (~95 mAh/g, Fig. 4.8b) and f-FWNT/rGO (~126 mAh/g). As the current 
density increased to 1 A/g, the capacity of the f-FWNT/rGO rapidly decreased to 
~40 mA h/g, whereas the f-FWNT/r-CGO still retained a high capacity of ~100 
mAh/g. The difference in gravimetric discharge capacities between the composite 
electrodes gradually increased with increasing current density (Fig. 4.7e). At a high 
current density of 10 A/g, the f-FWNT/r-CGO exhibited ~68 mA h/g, while the f-
FWNT/rGO showed negligible gravimetric capacity. Consistent with the CV results, 
the trend in the galvanostatic discharge further supports faster charge storage 
performance of the f-FWNT/r-CGO electrode compared to the f-FWNT/rGO 
electrode owing to its unique 3D structure than can facilitate ion transport. 
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 We employed EIS to further understand the difference of the rate-capability 
between the electrodes. Fig. 4.7f showed Nyquist plots and Randles equivalent 
circuit of the f-FWNT/r-CGO and f-FWNT/rGO electrodes. Charge transfer 
resistance (Rct) typically gives information about the kinetics of the redox reactions 
occurring at the electrode surface.154 The values of Rct for the f-FWNT/r-CGO and 
f-FWNT/rGO are ~1000 and ~2350 Ω cm2, respectively, indicating much faster 
redox reactions of the f-FWNT/r-CGO than f-FWNT/rGO. At the low frequency 
region, the f-FWNT/r-CGO electrode exhibited a steeper slope compared to that of 
the f-FWNT/rGO, implying that the hierarchical porous structure can efficiently 
support fast ion diffusion to keep up with the change of frequency.41, 155 
 
 
Figure 4.9 (a) Discharge capacities and Coulombic efficiencies of the f-FWNT/r-CGO 
at a current density of 0.1 A/g as a function of cycle number. (b) Comparisons of the 










































The assembled electrodes showed stable cycling stability up to 3,000 cycles 
with their coulombic efficiency values close to ~100% (Fig. 4.9a). During the initial 
several hundred cycles, the specific capacities slightly increased, approaching a 
stable capacity of ~170 mAh/g. This capacity is comparable or higher than those of 
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the reported carbon based free-standing positive electrodes (117~160 mAh/g) 
(Table 4.1).109, 116, 122, 141-143 The increased capacity during the initial several hundred 
cycles may be attributed to the gradual electrolyte diffusion into the electrode 
surface and the activation of functional groups within the electrode. Comparison of 
the voltage profiles of the electrodes showed no dramatic change between 100th and 
3000th cycles (Fig. 4.9b).5, 78, 122 During the cycling process, the electrode well 
maintained its initial hierarchical structure (Fig 4.10a). In addition, the main oxygen 
functional groups on the cycled electrode showed negligible difference compared to 
the initial surface chemistry before cycling (Fig 4.10b). The stabile cycling stability 
can be attributed to the surface limited charge storage mechanisms, including both 
double-layer capacitance and surface redox reactions. 
 
 
Figure 4.10 (a) SEM image of the f-FWNT/r-CGO electrode after 3000 cycles. (b) XPS 







In summary, we have demonstrated the effective utilization of the surface 
redox reactions on the r-CGO for enhanced electrochemical energy storage. The r-
CGO was assembled as free-standing electrodes with the f-FWNT via VF process. 
The assembled f-FWNT/r-CGO electrode showed a 3D hierarchical porous structure, 
enabling fast ion and electron transport through the electrode. The f-FWNT/r-CGO 
electrode exhibited higher gravimetric capacity and significantly enhanced rate-
capability compared to those of the compositionally similar, yet geometrically 
different f-FWNT/rGO electrode. Thus, the superior electrochemical performances 
of the f-FWNT/r-CGO electrodes can be attributed to the 3D hierarchical 
nanostructures, which can provide not only efficient electron pathways but also 
facilitate fast ion diffusion to support fast surface redox reactions. The results 
provide meaningful insights on the microstructure design of the functionalized 
carbon electrodes for the effective utilization of their surface redox reactions, which 








CHAPTER 5.  
STACKING-CONTROLLED ASSEMBLY OF CABBAGE-LIKE 
GRAPHENE MICROSPHERE FOR CHARGE STORAGE 
APPLICATION 
Reproduced from Sun Kyung Kim, Byeongyong Lee, Taehyeong Ha, Hankwon Chang, 
Seung Woo Lee, Hee Dong Jang, Stacking-Controlled Assembly of Cabbage-Like 
Graphene Microsphere for Charge Storage Applications, Small, 2018, accepted. 
10.1002/smll.20181948. Copyright (2018) WILEY-VCH Verlag GmbH & Co. KGaA, 
Weinheim.  
5.1 Overview 
In order to synthesize graphene (GR), the solution-based chemical oxidation process 
of graphite is most commonly used because it is facile, low cost, high yield, and is likely 
to be commercialized.92, 156 Since the final product is an oxidized form of GR, graphene 
oxide, this process inevitably requires a subsequent chemical or thermal reduction reaction 
to convert GO to reduced GR.24, 157 However, during the drying process for electrode 
preparation, as-prepared GR sheets tend to be restacked by the π-π stacking and van der 
Waals attraction to form agglomerates, thereby reducing the available surface area and ion 
diffusion channels within electrodes.47, 92 As such, preventing restacking of the GR sheets 
has been considered to be an important issue to maximize charge storage performance for 
GR-based energy storage devices.32 
To address the restacking issue, various 3D-structured GR electrodes have been 
explored. For example, the physical spacers, such as carbon black and carbon nanotube, 
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were inserted between GR sheets during the vacuum filtration process.40, 141 In addition, 
self-assembled hydrogel was synthesized via hydrothermal process, producing the 3D 
aerogel electrodes after the freezing-drying process.32, 124, 158-159 Despite their enhanced 
electrochemical performances,159 the size of the 3D-structured GR is largely limited by the 
apparatus, such as filtration funnels and hydrothermal reactors, limiting the large-scale 
production. Exceptionally, crumpled GR, which has an aggregation-resistive characteristic, 
has been shown to be capable of large-scale production through a continuous aerosol-
pyrolysis process of GO solution.2, 32, 137 However, the density (<0.5 g cm-3) of the 3D-
structured GR including crumpled GR is relatively low due to the presence of the internal 
bulk void space compared to that of conventional activated carbon (0.5~0.8 g cm-3).137, 160 
Thus, these 3D-structured GR electrodes have limited volumetric energy density, which 
can increase the form factor of the energy storage devices. Improving the packing density 
of the GR electrode inevitably involves stacking of the GR sheet. Therefore, it is urgently 
required to develop a scalable production process of high-density GR through an optimized 
stacking process that maximizes electrochemical charge storage performance of electrodes. 
 
5.2 Approach 
Herein, we introduce a controllable and scalable stacking-engineering process of GR 
to produce high-density cabbage-like GR microsphere with a promising charge storage 
performance. The cabbage-like graphene (C-GR) microspheres can be continuously 
produced in powder form through solution-based pre-stacking process and subsequent 
aerosol densification process. The C-GR shows a mesoporous structure with a high density 
of 0.75 g cm-3, which is comparable to that of the conventional activated carbon (0.5~0.8 
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g cm-3).137, 160 The C-GR electrodes for aqueous symmetric supercapacitor show higher 
gravimetric (177 F g-1) and volumetric (117 F cm-3) capacitances than those of 3D crumpled 
GR electrode (156 F g-1 and 42 F cm-3). Moreover, the C-GR electrodes exhibit a high 
specific capacity of ~176 mAh g-1 when applied to the cathode of a Li-half cell. We believe 
that the introduced stacking-control strategy of GR could be expanded to other 2D 
materials to enhance the charge storage performance for various energy storage 
applications. 
 
5.3 Experimental Methods 
5.3.1 Sample Preparation 
Colloidal graphene oxide (GO) was synthesized from graphite (Alfa Aesar, 74 µm) 
by modified Hummers and Offeman’s method 144. The GO dispersion of 0.5 wt.% was 
reacted with a controlled concentration of urea (≥98% purity, Alfa Aesar) at 100 oC with 
stirring for 12h to convert the GO sheets to moderately stacked GR particles. After the 
liquid phase reduction, the GR colloid was nebulized into a pre-heated chamber (200 °C) 
by aerosol spray process using a standard nozzle (0.7 mm in diameter). The nebulized 
droplets are rapidly evaporated inside the pre-heated chamber to produce cabbage-like 
graphene (C-GR) powder. The collected C-GR powder was thermally annealed at 250 oC 
for 2 h under Ar environment. The crumpled GR was prepared by the similar method to 





5.3.2 Material Characterization 
Morphology of the C-GR microsphere was characterized by SEM equipped with 
EDX (Hitachi SU8230) and TEM (JSM-6380LA, JEOL). The specific surface area and 
pore size were characterized by analyzing the N2 adsorption-desorption isotherms (Tristar 
3000, Micromeritics). Surface chemistry was analyzed by XP) (Thermo Fisher Scientific). 
5.3.3 Electrochemical Measurement 
The electrochemical behavior of the C-GR for ECs was characterized by CV scan, 
GCD and EIS measurements using symmetric configuration of the two C-GR electrodes 
(HS FLAT CELL, HOHSEN Corp). The C-GR electrodes were prepared with the 
polyvinylidene difluoride (PVDF) (mass ratio, GR: PVDF=9:1) using n-methyl-2-
pyrrolidone (NMP) solvent. The C-GR electrodes were controlled with an area of ~2 cm2 
and mass loading of 5 mg per electrode. KOH solution (5 M) was used as the electrolyte; 
a piece of filter paper (Waterman, GF/C) was used as a separator. The C-GR was also 
investigated as a cathode material for Li-ion batteries (LIBs). The C-GR particles (75 wt.%) 
were mixed with CNTs in deionized water and ethanol (volume ratio, 1:3). The mixture 
was filtrated and then the obtained free-standing film was mechanically pressed. The 
density of the free-standing film was found to be ~0.65 g cm-3 and loading density of the 
film based on the mass of C-GR was controlled to ~6 mg cm-2. Two-electrode type 
Swagelok cells were employed for Li-cell assembly. A piece of Li and the free-standing 
film were used as the anode and the cathode, respectively. Two pieces of Celgard 2500 and 
1 M LiPF6 in EC:DMC (3:7 volume ratio, BASF) were used as separators and an 
electrolyte, respectively. The CV scans were performed in the potential window of 1.5-4.5 
V vs. Li. GCD tests were carried out in the voltage window of 1.5-4.4 V vs. Li at the varied 
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current density from 0.1 A g-1 to 5 A g-1. At each end of charge and discharge, the potential 
was held for 30 min at either 4.4 V or 1.5 V vs. Li. The cycling stability was tested using 
an accelerated cycling method.161 First, the cell was cycled for 99 cycles at 5 A g-1 and then 
capacity was measured at 0.1 A g-1. The capacity was normalized based on the mass of C-
GR. 
 
Figure 5.1 (a) Schematic illustrations of the stacking-controlled C-GR microsphere 
and crumpled GR synthesis. Morphologies of (b,c) GO and (d,e) moderately sacked 
graphene by TEM and AFM. (f) Morphology investigation of the C-GR by SEM. (g) 
Cross-sectional TEM image of the C-GR. The specimen for cross-sectional imaging 
was prepared by ion-milling. TEM images of the (h) C-GR and (i) crumpled GR. The 
C-GR was prepared from the liquid phase reaction of 0.5 wt.% GO and 1 wt.% urea 
for 12 h. 
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5.4 Results and Discussion 
A schematic diagram of the C-GR synthesis is illustrated in Fig. 5.1a. The C-GR was 
prepared by liquid phase mild-reduction of GO with urea and subsequent densification of 
the partially reduced and stacked GO through an aerosol spray process. First, GO was 
dispersed in water and then a controlled amount of urea as a mild reduction agent was 
dissolved where the concentration of GO and urea were 0.5 wt.% (5 mg mL-1) and 1 wt.% 
(10 mg mL-1), respectively. Then, the mixture was maintained at 100°C for 12 h with 
stirring. In aqueous solvent, the monolayer GO sheets can maintain a stable dispersion due 
to the electrostatic repulsion between GO sheets.92 However, during the liquid phase 
reduction reaction with urea, the oxygen functional groups of GO, which is the origin of 
the electrostatic repulsion, is partially removed and reduced.92, 162 At this stage, the 
repulsion force between the GR sheets can be considerably weaken and van der Waals 
(vdW) interaction between them increases. When the graphene-solvent interaction is 
insufficient to compensate for the vdW interaction, aggregation of graphene sheets can 
occur. It is known that water molecules cannot efficiently solvate graphene sheets owing 
to the high steric repulsion between the water molecule and graphene, and the 
uncompensated vdW interaction between the GR sheets induces agglomeration of the GR 
sheets.163-164 Before the liquid phase reduction process, the GO sheet showed a flat shape 
with a thickness of 1 nm (Fig. 5.1b,c). On the other hand, after the liquid phase reduction 
with urea, the obtained products displayed a winkled, partially aggregated morphology 
with a size of about 1 μm and a thickness of 8 nm (Fig. 5.1d,e), indicating the moderate 
stacking of the reduced GR sheets.157 When the colloid is sprayed into the droplets, each 
droplet contains a number of the partially-stacked GR sheets therein. As the droplets pass 
 86
through a pre-heated furnace with an inert carrier gas, the partially-stacked rGR sheets in 
the droplets are further aggregated and densified by the capillary force, generating 
agglomerates (C-GR) in the form of microspheres (Fig. 5.1f,g).137, 165 Then, the obtained 
C-GR microspheres were thermally annealed at 250 °C for 2 h under an inert gas 
atmosphere. The C-GR microsphere showed a high density of 0.75 g cm-3. Despite such 
high density, nano-sized void spaces were found in the C-GR (Fig. 5.1h), which can serve 
as efficient diffusion channels for charge storage. For comparison, crumpled GR was also 
prepared by aerosol spray pyrolysis method without the liquid phase reduction process. 
The crumpled GR particles exhibited a wrinkled and quasi-spherical morphology with a 
bulk void (Fig. 5.1i). Due to the bulk void, the crumpled GR showed a much lower density 
of ~0.30 g cm-3 than the C-GR.  
The pore size distribution of C-GR was investigated by Barrett-Joyner-Halenda 
(BJH) method (Fig. 5.2a). The C-GR contains a narrow range of mesopores (2~4 nm), 
while the crumpled GR has no obvious pore structure. The pore volume of C-GR was 
measured to be 0.428 cm3 g-1, which was much higher than that of crumpled GR (0.075 
cm3 g-1) (Fig. 5.2a). It is also known that the introduction of the micro-to-mesopores can 
improve the charge storage capability, but the large introduction of pore may decrease the 
low volumetric energy density.153, 158, 166 Herein, the high density C-GR having a narrow-
range mesopores can have advantages for charge-storage applications. The surface 
chemistry of the C-GR and crumpled GR was investigated by XPS (Fig. 5.2b-d). The C-
GR showed the atomic ratio of oxygen to carbon (O/C) of 0.19, which is lower than that of 
crumpled GR (0.24), probably due to its additional liquid-phase reduction process (Fig. 
5.2b). The C-GR exhibited a fine peak of N 1s (N/C ratio, 0.04), but the crumpled GR has 
 87
no N 1s peak. This can be attributed to a slight amount of nitrogen doping during the pre-
reduction process with urea.23 The high-resolution C 1s spectra of the C-GR and crumpled 
GR were fitted by five characteristic peaks: 284.6 ± 0.1 eV for sp2-hybridized carbon, 285.5 
± 0.1 eV for C–N, 286.4 ± 0.2 eV for C-O, 287.8 ± 0.2 eV for C=O, and 288.9 ± 0.3 eV for 
COOH.117, 167 The peak intensities of oxygen peaks of the C-GR were relatively lower than 
those of the crumpled GR, indicating more reduced state of the C-GR. 
 
 
Figure 5.2 (a) Pore size distribution and (b) XPS wide scan survey of the C-GR and 
crumpled GR. High-resolution XPS C1s spectra of (c) C-GR and (d) crumpled GR. 
 
To investigate the effect of the urea concentration and thermal treatment on the 
structure of the C-GR, we prepared various C-GR microspheres from different 
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concentrations of urea with or without heat treatment. As the urea concentration increased 
from 1 to 3 wt.%, the average particle size increased from 0.67 to 1.4 µm regardless 
 
Figure 5.3 (a) Scanning electron microscope images, (b) particle size distribution, and 
(c) X-ray diffraction patterns of the C-GR prepared at different urea concentration 
with and without heat treatment. 
 
of the heat treatment (Fig. 5.3a,b). Using higher concentration of urea, the GO sheets can 
be converted to further reduced GR sheets and more agglomerated GR flakes can be formed 
during the liquid phase reduction process, resulting in a larger microsphere after the aerosol 
densification process.168-169 The XRD patterns of the various C-GR microsphere showed a 
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distinct peak around 25° with an interlayer distance of ~3.56 Å. (Fig. 5.3c). This peak was 
also found in the previous research on the highly-packed 3D reduced GR assembly.122 This 
peak sharpened with increasing urea concentration, indicating more ordered packing of the 
GR sheets due to the more reduction process with urea. The C-GR prepared with 1 wt.% 
urea without heat treatment (C-GR-1 wt.%) showed a small peak at 10.5°, which is 
commonly found in stacked GO, indicating that GO was insufficiently reduced at the dose 
of low concentrated urea (Fig. 5.3c).2 
 
Figure 5.4 (a) XPS wide scan survey of the C-GRs prepared at different urea 
concentrations with/without the heat treatment (HT). C1s spectrum of the C-GR 
prepared at (b) 1 wt.% and (c) 3 wt.% urea. (d) C1s spectrum of the C-GR prepared 
at the urea concentration of 3 wt.% after the heat treatment. 
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Table 5.1 Atomic fraction of the functional groups on the C-GRs prepared at different 
urea concentrations with/without the heat treatment. 
C-GR 
preparation 
Fitting of the C 1s peak for relative atomic percentage [%] 
 C=C (sp2) C-C (sp3) C-N C-O C=O O-C=O 
C-GR-1 wt.% 0.54 0.20 0.02 0.18 0.04 0.02 
C-GR-3 wt.% 0.57 0.18 0.02 0.16 0.05 0.02 
C-GR-1 wt.%- HT 0.69 0.13 0.02 0.11 0.03 0.03 
C-GR-3 wt.%-HT 0.71 0.13 0.02 0.10 0.04 0.01 
 
After the mild thermal annealing at 250 °C for 2 h under Ar environment, the small 
peak disappeared, which can be attributed to the further restoration of pi-pi band on the GR 
sheets 19. The surface chemistry of the various C-GRs was analyzed by XPS (Fig. 5.4 and 
table 5.1). The O/C ratio and detailed oxygen chemistry analysis showed that the oxygen 
functional groups gradually decreased with increasing urea concentration and thermal 
annealing process. The effect of GO concentration for the synthesis of the C-GR was also 
investigated using different concentrations of GO colloid (0.1~0.5 wt.%) (Fig. 5.5). 
Interestingly, as the GO concentration increased from 0.1 to 0.5 wt.%, the average size of 
the C-GR microspheres slightly increased from 0.67 to 0.81 μm (Fig. 5.5a,b). Such an 
increase in size is due to the larger numbers of GR sheets present in a single sprayed 
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droplet. These results indicate the possibility of finely tuning the particle size and packing 
degree of the C-GR. 
 
Figure 5.5 Effect of GO concentration on the C-GRs. (a) Morphology, (b) particle size 
distribution, and (c) XRD patterns of the C-GR prepared at different concentrations 
of GO (0.1~0.5 wt.%). The C-GR was prepared at a fixed urea concentration (1.5 
wt.%) and liquid-phase reduction time (12 hours). 
 
Electrochemical performance of the various C-GRs was investigated using a 
symmetric two-electrode electrochemical capacitor assembly (Fig. 5.6 and Fig. 5.7). The 
heat-treated C-GRs showed box-shaped CV profiles at the scan rate of 20 mV s-1, indicating 
general capacitive charge storage behavior (Fig. 5.6a).170 The GCD profiles of the C-GRs 
showed a shape very close to the isosceles triangle, further confirming the capacitive charge 
storage characteristics (Fig. 5.6b). The detail GCD profiles of the heat-treated C-GR 
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prepared with 1 wt.% urea (C-GR-1 wt.%-HT) as a function of the current density showed 
no apparent voltage drop near the upper cutoff voltage (Fig. 5.6c), indicating small internal 
resistance of the electrode materials 66. From the GCD profiles, we calculated the 
capacitance of the C-GRs with different urea conditions as a function of the current density 
(Fig. 5.6d). Despite very similar surface chemistry of the heat-treated C-GRs prepared with 
different urea concentrations, the C-GR-1wt.%-HT showed the higher specific capacitance 
(177 F g-1 at 0.1 A g-1) than that of the C-GR-3wt.%-HT (138 F g-1 at 0.1 A g-1) (Fig. 5.6d). 
 
 
Figure 5.6 (a) CV scans and (b) GCD profiles of the heat-treated (HT) C-GRs 
prepared at varied urea concentrations of 1~3 wt.%. (c) GCD profiles of the heat-
treated C-GR prepared with 1 wt.% urea. (d) Rate-dependent gravimetric 
capacitance and (e) EIS of the various C-GRs. (f) Rate-dependent volumetric 





It is important to note that that, prior to the heat treatment, the C-GR-1 wt.% (113 
F g-1 at 0.1 A g-1) showed similar capacitance to the C-GR-3 wt.% (100 F g-1 at 0.1 A g-1). 
(Fig. 5.6d). However, the capacitance of the C-GR-1 wt.% was largely enhanced from 113 
F g-1 to 177 F g-1 after the heat treatment, whereas the increase in capacitance was relatively 
small (from 100 F g-1 to 138 F g-1) for C-GR-3 wt.%. The low capacitance of the C-GRs 
before the heat-treatment can be attributed to their high O/C ratios (0.24~0.26) and 
corresponding low electrical conductivity. To further understand the capacitance trend of 
the C-GRs during to the heat treatment, EIS was carried out. After the heat treatment, the 
C-GR-1 wt.%-HT showed significantly reduced resistance than the C-GR-1 wt.%, which 
is indicated by the decreased diameter of the semi-circle in the Nyquist plots (Fig. 5.6e). 
This confirms improved electrical conductivity through the thermal reduction process, 
which is supported by the XPS results. 
 
 
Figure 5.7 (a) CV scans and (b) GCD profiles of the C-GR prepared at varied urea 




Figure 5.8 Multi-point BET plot of the heat-treated C-GRs prepared with the different 
concentrations of urea.  
 
In order to understand the difference in capacitance between the C-GR-1 wt.%-HT 
and the C-GR-3 wt.%-HT, we measured their specific surface area. The C-GR-1 wt.%-HT 
showed higher surface area of 480 m2 g-1 than that of the C-GR-3 wt.%-HT (389 m2 g-1) 
(Fig. 5.8). This indicates that the use of excessive urea during the liquid-phase reduction 
process leads to more severe stacking, decreasing the specific surface area available for 
charge storage. The volumetric specific capacitances of the C-GR-1 wt.%-HT was 
compared with the crumpled GR (Fig. 5.6f). The electrode densities of the C-GR and 
crumpled GR were found to be ~0.66 g cm-3 and ~0.27 g cm-3, respectively. Based on the 
electrode density values, the volumetric capacitances of the the C-GR-1 wt.%-HT and 
crumpled GR were calculated to be 117 F cm-3 and 42 F cm-3 at 0.1 A g-1, respectively. The 
higher volumetric capacitance of the C-GR than crumpled GR suggests that high electrical 
performance can be achieved by controlling the stacking process of GR sheets. 
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Figure 5.9 Electrochemical characterization of the C-GR-1 wt.%-HT as a cathode for 
LIBs. (a) CV scans at 1 mV s-1 in the potential window of 1.5-4.5 V vs. Li. (b) Potential-
dependent and (c) rate-dependent CV scans of the C-GR. (Figure c inset shows rate-
dependent cathodic and anodic peak current at 2.5 and 3.0 V vs. Li, respectively) (d) 
Galvanostatic charge/discharge profiles of the C-GR at different current densities 
from 0.1 to 5 A g-1 in the potential window of 1.5-4.4 V vs. Li. (e) Cycling performance 
test and (f) detailed voltage profiles at different cycles of the C-GR. (g) SEM image 
and EDX elemental mapping of the C-GR electrode after cycling. 
 
 Recently, oxygen functional group-containing nanocarbons, such as carbon 
nanotube and graphene, have been studied as cathodes for LIBs or Li-ion capacitors by 
utilizing the redox reaction between oxygen functional groups and Li-ions.114, 116, 122 Since 
the heat-treated C-GR still contain a large amount of the oxygen functional groups, the 
electrochemical performance of the C-GR-1 wt.%-HT was evaluated as the cathode in Li-
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half cells. The charge storage characteristics of the C-GR in LIBs were first investigated 
by CV scans at 1 mV s-1 in the potential window of 1.5-4.5 V vs. Li (Fig. 5.9a). The CV 
scan showed oxidation and reduction peaks around 2.5 and 3.0 V vs. Li, respectively, on 
top of the double-layer capacitance. These two peaks can be ascribed to the redox-reaction 
of the residual oxygen functional group (e.g., carbonyl group) on the C-GR surface with 
Li-ions.2, 161 Thanks to the redox reactions as well as double-layer capacitance, the C-GR 
showed a high specific capacitance of 169 F g-1 (volumetric capacitance of 110 F cm-3). To 
further confirm the charge storage mechanism, forward and backward potential-dependent 
CV measurements were performed for the C-GR (Fig. 5.9b). As the potential window 
increased from 1.5 to 4.0 V vs. Li or decreased from 4.5 to 2.0 vs. Li, the CV scans 
exhibited progressive evolution of the oxidation and reduction peaks around 2.5 and 3 V 
vs. Li, respectively. In the low potential region of 1.5-2.5 V vs. Li and high voltage range 
of 3.5-4.5 V vs. Li, the CV scans showed a box-like profile, indicating that the charge 
storage in these ranges mainly results from double-layer capacitance. Under the assumption 
of the constant double layer capacitance over the entire potential region, the estimated 
contribution of double-layer capacitance was found to be ~57%. The rate-dependent CV 
scans showed that the redox peak was well preserved up to a scan rate of 10 mV s-1 (Fig. 
5.9c). The anodic and cathodic currents measured at 3.0 and 2.5 V vs. Li, respectively, were 
plotted as a function of scan rate (Fig. 5.9c, inset). These plots showed a strong linearity, 
indicating surface-controlled redox process.113, 161  
Electrochemical performance of the C-GR was assessed by GCD tests in the 
potential window of 1.5-4.4 V vs. Li (Fig. 5.9d). The C-GR exhibited the sloped charge 
and discharge profiles due to the combined charge storage mechanisms of double layer 
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capacitance and redox reaction.161 At a low current density of 0.1 A g-1, the C-GR delivered 
a high reversible capacity of 178 mAh g-1 and areal capacity of 1.04 mAh cm-2. As the 
current density increased to 1 A g-1, which corresponds to a high areal current density of 
4.44 mA cm-2, the C-GR exhibited a discharge capacity over 125 mAh g-1, maintaining 
72% of its capacity. This high rate-capability can be attributed to the high surface area and 
hierarchical porous structure of the C-GR which promotes both capacitive and redox charge 
storage mechanisms. Moreover, the C-GR showed stable cycling performance up to 2,000 
cycles with a high Coulombic efficiency of ~94% and an excellent capacity retention of 
95.5% (Fig. 5.9e,f and Fig. 5.10). The SEM images of the cycled C-GR electrode showed 
that the cabbage-like morphology was well maintained after the intensive cycling process 
(Fig. 5.9g). Interestingly, F was found on the C-GR, which may be due to residual 
electrolyte salts. The stable cycling performance of the C-GR can be explained by the 




We have synthesized that the C-GR microspheres with a high density of 0.75 g cm-3 
using liquid-phase reduction reaction and aerosol spray drying process. Despite its high 
density, the C-GR had a narrow-ranged mesopores and high surface area. The C-GR 
showed a high specific capacitance of 177 F g-1 (117 F cm-3) in aqueous symmetric 
supercapacitors. As a cathode for LIBs, the C- GR delivered a high capacity of 176 mAh 
g-1 (1.0 mAh cm-2) and maintained its high capacity up to 2,000 cycles. This superior 
electrochemical performance demonstrates that the stacking-control approach could 
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provide new opportunities to achieve both high gravimetric and high volumetric 
performance of graphene-based electrodes. In addition, the manufacturing process of the 
C-GR is suitable for mass-production due to the continuous nature of the aerosol spray 
process. The micron-scale powder form of the C-GR can also be easily incorporated into 
commercial electrode fabrication process based on slurry-casting. Form a broader 
perspective, the introduced stacking-control approach can be extended to other 2D 
materials to control bulk density and charge storage properties for energy storage and 
conversion applications.  
 
 
Figure 5.10 (a) Low- and (b) high-magnification scanning electron microscopy images 






CHAPTER 6.  
CRUMPLED GRAPHENE ANODE FOR ALKALI-ION BATTERIES  
6.1 Overview 
Due to growing concern over global warming in recent years, the electric vehicles 
(EV) market has expanded significantly.171 Lithium-ion batteries (LIBs) have been 
primarily considered as the main power source for EVs.171-172 However, the lack of mine 
reserves and uneven distribution of Li resources could be a central menace for sustainable 
growth in the EV market.160 As such, sodium-ion batteries (SIBs) have been of great 
interest as a complementary option for the LIBs due to the availability of Na resources and 
cost advantages.173 
Many electrode materials for LIBs cannot be applied to SIBs due to the different 
atomic properties between Li and Na.174 For instance, graphite, a standard anode material 
for LIBs, hardly forms staged intercalation compounds with Na, showing a very limited 
capacity of 35 mAh g-1.175 The larger ionic size of Na (102 pm) over Li (76 pm) is often 
referred to as a culprit of difficulty in the formation of graphite intercalation compounds.87 
Recent study showed that intercalation of Na-ions into graphite can be achieved by 
expanding graphite to increase the interlayer distance of graphite.176 This study suggested 
that the interlayer distance of graphite plays a crucial role for Na hosting and the minimal 
interlayer distance for Na-ion diffusion would be 0.37~0.43 nm.176 Layered reduced 
graphene oxide materials with larger d-spacing of 0.37~0.38nm than ordinary graphite 
(0.34 nm) were also investigated for Na-ion storage.89, 177 This approach, which increases 
d-spacing value to facilitate Na+ insertion into graphene layers, showed an achievement of 
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high capacity (200~284 mAh g-1) at low rates (0.1C~0.25C).89, 176-177. However, the 
expanded graphite and stacked graphene showed limited capacity less than 100 mAh g-1 at 
high rates (1C~5C). The large capacity drop at the high charge rate indicates that the Na+ 
diffusion into graphitic host structure with increased d-spacing is still limited at high rates. 
Interestingly, despite the large ionic radius of potassium (137pm), graphite (d-spacing; 
0.34nm) forms KC8 with potassium and shows a higher capacity in K-ion batteries (KIB) 
than that in a SIB.86, 178 Thus, the argument with the ionic radii is insufficient to fully 
understand fundamentals of alkali metal ion storage on aromatic carbon substrates. 
Goddard et al. have revealed that sodium has the weakest binding energy to an aromatic 
carbon substrate compared to the other alkali metal (Li and K) and accordingly graphite in 
SIB shows the lowest capacity.48 This indicates that further increase of d-spacing may not 
work to improve the limited rate-capability of the expanded graphite and stacked graphene. 
Therefore, escaping from the thoughts of the d-spacing, totally different route for charge 
storage should be sought for Na storage. 
 
6.2 Approach 
One of the well-studied charge storage materials for alkali-ion batteries is hard 
carbon (HC). It is recognized that hard carbon (HC), which has a turbostratic structure,97 
stores Na ions through two mechanisms: A) Intercalation of Na-ions into host structure and 
B) surface-limited capacitive charge adsorption.79, 179 In SIBs, charge storage of HC as an 
anode material is mainly done by the intercalation process so that almost all of HCs exhibit 
a high degree of carbonization and surface-capacitive process is considered as an ancillary 
charge storage source.79 Considering the low capacity of graphite and low rate-capability 
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of the expanded graphite and stacked graphene in SIBs, utilization of the surface-capacitive 
charge storage rather than the intercalation could be a possible way to store Na-ions 
effectively. The surface-limited capacitive charge storage usually refers to the electrostatic 
charge storage found in double layer capacitors (EDLCs).5 As such, graphene could be a 
promising candidate to aim the surface-limited capacitive charge storage since it has large 
surface area and high electrical conductivity of 2 x 103 S cm-1.48 Recently, it has shown 
that reduced graphene store charge through both of double layer capacitance and redox-
reaction of oxygen functional groups to Li+ and Na+ in acceptable high voltage range.78, 141, 
180 However, in acceptably low voltage range for an anode (less than 2~2.5 V vs. Na), it 
seems that graphene’s mechanisms for Na storage in a voltage range for anode application 
are still in veil.89, 177, 181 
In this study, we reveal that graphene stores Na through two sub-routes of surface-
capacitive charge storage: i) adsorption in a similar way of double layer capacitance on the 
surface of graphene and ii) adsorption on defective sites. For both scenarios, Na+ ions 
exhibit the lowest adsorption energy when residing on hollow sites of the graphene rather 
bridge or top sites.182 Here the defective sites refer to all what makes graphene’s structure 
being biased from its typical structure of honeycomb-like sp2 carbon (i.e., structural 
defects, nanovoids, residual functional groups, etc.). We employed crumpled graphene 
(CG) to avoid serious restacking of graphene sheets, which has an aggregation-resistive 
characteristic.161 In SIBs, the CG, which mainly stores Na ions through the double layer 
capacitance on the surface, showed a limited capacity of (~74 mAh g-1 at  40 mA g-1 and 
~19 mAh g-1 at 2 A g-1). On the other hands, the activated CG (A-CG) stores Na ions 
through both the double layer capacitance and physical adsorption on defective sites with 
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a good electrochemical performance of ~ 279 mAh g-1 at 40 mA g-1 and 151 mAh g-1 at 2 
A g-1, indicating the utility of the defective sites to enhance electrochemical performance 
of graphene for Na-ion storage. 
 
6.3 Experimental Methods 
6.3.1 Sample Preparation 
The activated crumpled graphene (A-CG) was prepared from aerosol spray 
pyrolysis of graphene oxide (GO) droplets and subsequent thermal annealing processes. 
First, GO was prepared by modified Hummer’s method and the GO was adjusted to the 
concentration of 10 mg mL-1 in water. Then, the GO solution was nebulized into a pre-
heated furnace chamber (100 °C) using a mini spray dryer with a flow of Ar (10 L min-1). 
During the flight of the GO droplets inside the chamber, rapid evaporation of water occurs 
and crumpled graphene oxide (CGO) particles are obtained at the outlet of the chamber. 
The as-prepared CGO was thermally reduced at the varied temperature under Ar 
environment to produce crumpled graphene (CG). After calcination of the CG at the mild 
temperature under air, the A-CG was obtained. 
 
6.3.2 Material Characterization 
The morphology was investigated by scanning electron microscopy (SEM, Hitachi 
SU8230) and transmission electron microscopy (TEM, JEM-ARM200F). Surface 
chemistry was examined by X‐ray photoelectron microscopy (XPS, Thermal Scientific K‐
alpha XPS instrument) and C1s peaks were fitted by XPSPEAKS 4.1. To investigation of 
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crystallinity, X-ray diffraction (XRD, X-Pert Pro alpha 1) and Raman spectroscopy 
(Thermo Nicolet Almega XR Dispersive Raman Spectrometer) were used. 
 
6.3.3 Electrochemical measurement 
Electrodes were prepared by mixing 80 wt% of the CG or A-CG with super P 
carbon black (MTI Corp.) and polyvinylidene fluoride (PVDF) in N-methyl-2-pyrrolidone. 
A small piece of alkali metals (Li, Na and K) was employed for a counter/reference 
electrode (two electrode set-up). Employed electrolytes and separators for a Li-, Na- and 
K-cell are shown in Table 6.1. The working electrodes were assembled into Swagelok type 
cells in a high purity Ar-filled glove glovebox (MBraun, O2 and H2O < 0.1 ppm). In Na-
cells, cyclic voltammetry (CV) scans were carried out with a varied scan rate of 0.1~10 
mV s-1 (Bio Logic VMP3). Galvanostatic charge/discharge (GCD) profiles were 
investigated with varied current density from 40 mA g-1 to 2 A g-1. To evaluate cycling 
stability, A-CG was cycled at 0.5 A g-1 for 1,000 cycles. Then, the A-CG was further cycled 
up to 8,000 cycles using an accelerated cycling method. For comparison, rate-capability of 








Table 6.1  Electrolytes and separators for Li-, Na- and K-cells 
 Electrolyte Separator Voltage window 
Li 1 M LiPF6 in ECa:DMCb + 5% FECe Celgard 2500 0.01-2.5 V vs. Li 
Na 1 M NaClO4 in EC:PCc + 5% FEC Glass fiber 0.01-2.5 V vs. Na 
K 0.8 M KPF6 in EC:DECd Glass fiber 0.01-3.0 V vs. K 
a) Ethylene carbonate (EC), b) Dimethyl carbonate (DMC), c) Propylene carbonate (PC), d) Diethyl 
carbonate (DEC), e) Fluoroethylene carbonate (FEC) 
 
6.4 Results and Discussion 
The activated crumpled graphene (A-CG) was prepared from aerosol spray pyrolysis 
of the GO dispersion in water and subsequent thermal annealing processes (Fig. 6.1a). The 
aqueous GO dispersion (10 mg mL-1) was sprayed into a pre-heated furnace at 100 °C with 
an Ar gas flow. During the flight of the GO droplets in the pre-heated furnace through the 
Ar gas flow, rapid evaporation of the water droplets occurs and the remaining GO sheets 
are partially stacked and crumpled by the capillary force, generating the 3D crumpled 
graphene oxide (CGO) (Fig. 6.2).137, 161 The CGO showed a negligible change of oxygen 
functional groups during the transformation from a 2D planar structure to a 3D ball-shape 
due to the low-heating temperature of 100 °C and short flight time (Fig. 6.3). To convert 
CGO to crumpled graphene (CG), the CGO was thermally reduced at varied temperatures 
ranging from 500 to 1100 °C (denoted as CG-X, X indicates an annealing temperature) for 
2h under Ar environment. Then, CG was further activated by the annealing process under 
air environment for 3h to introduce more defective sites on graphene. The activated CG 
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(A-CG) and CG maintained the unique 3D ball-shaped morphology of the CGO over the 
heat-treatment processes (Fig. 6.4). A ridge structure was observed on the surface of the 
A-CG, CGs, and CGO (Fig. 6.4). Selected area electron diffraction (SAED) analysis on 
the ridge area shows a (002) ring diffraction pattern corresponding to a d-spacing of 0.37 
nm (inset, Fig. 6.1d). The ridge structure is typically found in wrinkled or crumpled 
graphene formed by compressive forces.137, 183 This ridge on CG can be considered as  
‘distortional graphite nanocrystallites’.184 The high-resolution transmission electron 
microscopy (HRTEM) image of the ridge region showed a long-range disordered structure, 
indicating the partial stacking of graphene sheets (Fig. 6.1e). The d-spacing profiles of this 





Figure 6.1 Characterization of activated crumpled graphene (A-CG) (a) Schematic 
illustration of the A-CG. (b) Scanning electron microscopy (SEM) and (c) 
transmission electron microscopy (TEM) image of the A-CG. (d) TEM image of the 
ridge structure on the A-CG at low magnification (Inset: Selected area electron 
diffraction, SAED pattern). (e) TEM image of the ridge at high magnification. (f) d-




Figure 6.2 Morphology of crumpled graphene oxide. (a) Scanning electron 
microscopy (SEM) and (b) transmission electron microscopy (TEM) image. The 
crumpled graphene oxide shows a morphology like a highly wrinkled paper. 
 
 
Figure 6.3 Surface chemistry of graphene oxide (GO) and crumpled graphene oxide 
(CG). (a) Wide scan survey of GO and CGO. High resolution C1s spectra of (b) GO 
and (c) CGO. C1s spectra were fitted by peaks for sp2-C, sp3-C, C-OH and C=O. (d) 
Schematic illustration of CGO compared to GO. During the aerosol drying process, 
planar morphology of GO is converted to being crumpled. But, surface chemistry of 




Figure 6.4  Morphology investigation of the A-CGs and CGs (a-e) Scanning electron 
microscopy (SEM) images and (f-j transmission electron microscopy (TEM) images 
of the various A-CGs and CGs. (k-o) TEM images on the ridge area of at high 
magnification. (a,f,k) CG500. (b,g,l) CG800. (c,h,m) CG1100. (d,i,n) A-CG800. (e,j,o) 
A-CG1100. 
We first performed galvanostatic charge/discharge (GCD) tests for the CG-1100 at 
a C-rate of 40 mA g-1 (1C = 0.2 A g-1,89) in a Na-cell (Fig. 6.5a). The CG-1100 exhibited 
a sloped GCD profile with a discharge capacity of ~98 mAh g-1 in the potential region of 
0~0.8 V vs. Na. Mitlin et al. also observed this sloping capacity in the study of carbonized 
peat moss anode for SIB.185 They pointed out that the sloping capacity is associated with 
ion insertion into a material where the insertion sites possess a distribution of energies and 
a more disordered carbon could possess a wide site energy.185 Similarly, the sloped 
discharge profile of the CG-1100 could be translated into a scenario that graphene store Na 
through capacitive way rather than intercalation process.186 The A-CG-1100 also showed 
a similar sloped GCD profile, but its discharge capacity was significantly increased to ~222 
mAh g-1 compared to that of the CG-1100 (~98 mAh g-1). (Fig. 6.5b). Moreover, at the 
potential range of 0.8~2.0 V vs Na, the A-CG-1100 showed a discharge capacity of 35 
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mAh g-1 (~15.8% of total discharge capacity) whereas the discharge capacity of the 
CG1100 was 8 mAh g-1 (~8% of total discharge capacity). Considering the sloped voltage 
profiles of the CG1100 and A-CG1100,185, 187 and the capacity increase of the A-CG1100 
over the whole voltage window, it could be deduced that graphene store Na through two 
capacitive routes: I. ‘Double-layer capacitive Na storage’ and II. ‘Na adsorption on 
defective sites.’188 The route I and route II can be distinguished from their revelation 
voltage (Figure 6.5a,b). During the charge process, the CG1100 and A-CG1100 showed 
contrasting profiles. The charge capacity of the GG1100 was mostly delivered at 0.01~0.8 
V vs. Na whereas the A-CG1100 delivered its capacity of 105 mAh g-1 and 70 mAh g-1 
upon 0.01~0.8 and 0.8~2 V, respectively. Under the assumption that the reversible capacity 
of CG1100 refers to double layer capacitive charge storage (Route I), the estimated 
contribution of the route I and II in the A-CG1100 are 56% and 44%, respectively. We 
postulated ‘defective sites’ refer to all what makes graphene’s structure being biased from 
ideal honeycomb-like sp2-c structure. In this regards, we evaluated the electrochemical 
performance of the A-CG500 and A-CG800 and compared to A-CG1100 at 0.2 A g-1 (Fig. 
6.5c,d). The discharge capacity increased from 145 mAh g-1 (A-CG1100) to 223 mAh g-1 
(A-CG500) as the temperature lowered. With the decrease of temperature, the charge 
capacity also improved from the 139 mAh g-1 (A-CG1100) to 220 mAh g-1 (A-CG500). 
This indicates that the more introduction of oxygen-functional groups on the A-CG (Fig. 
6.6) by lowering reduction temperature improve graphene’s charge storage ability. The 
discharge and charge capacities of the A-CGs at 0.01~0.8 and 0.8~2.5 V vs. Na are shown 
in Table 6.2. The A-CGs possesses relatively similar capacities in 0.01~0.8 V vs. Na 
whereas they show the sharp increase of capacity at 0.8~2.5 V vs. Na with the lowering of 
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temperature. The apparent increase of the capacity and the change of charge/discharge 
profiles with more introduction of oxygen functional group presumably indicates that the 
oxygen-functional groups are associated with the route II and could be translated into as a 
certain type of defects and on graphene. The characterizations of the A-CGs (Raman 
spectroscopy and X-ray diffraction, XRD) are given in Figure 6.7. 
 
Figure 6.5 Electrochemical characterization of the CG and A-CGs. Galvanostatic 
charge/discharge profiles of the (a) CG1100 and (b) A-CG1100 at 0.2C. The insets are 
schematic illustration of Na storage on the CG and A-CG. Galvanostatic (c) discharge 
and (d) charge profiles of A-CGs. The charge/discharge were performed at 0.2 A g-1 
in the voltage window of 0.01-2.5 V vs. Na. (e) Schematically illustrated morphologies 





Figure 6.6 Surface chemistry of A-CGs and CG (a) Wide scan surveys. High 
resolution C1s spectra of (b) CG1100, (c) A-CG1100, (d) A-CG800 and (e) A-CG500. 
C1s spectra were fitted by 5 peaks for sp2-C, sp3-C, C-OH, C=O and COOH. As 
temperature decreases from 1100 °C to 500 °C, the ratio of oxygen to carbon (O/C 
ratio) increases from 0.04 to 0.10. The activation has a negligible effect on the O/C 
ratio as shown in the A-CG1100 and CG1100. 
 
Table 6.2 Discharge and charge capacities of the A-CGs. 
 Discharge capacity [mAh g-1] Charge capacity [mAh g-1] 
 0.8~2.5 V 0.01~0.8 V 0.01~0.8 V 0.8~2.5 V 
CG1100 3.7 60.7 40 17.3 
A-CG1100 18.6 126.4 87.1 52.3 
A-CG800 70 136 96 110 
A-CG500 95 128 88 132 
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The GO showed the sharp peak of the GO at 10.5° which is typically found in 
highly restacked oxidized GO. 130, 189 The A-CGs and CGO showed no peaks at 10.5°, 
indicating that GO sheets were not highly restacked and ordered. 47  The A-CGs showed 
broad and weak peaks at 25.5~26°. These broad peaks can be attributed to due to poor 
ordering along the stacking directions which usually found in 3D reduced graphene oxide. 
2, 150 In Raman spectroscopy analysis, all samples show a broad D-band (~1350 cm-1) and 
G-band (~1600). With the increase of the reduction temperature, A-CGs showed increased 
D/G intensity ratios. This can be attributed to a decrease in the average size of the sp2 
domains upon reduction of the GO.134 
 
Figure 6.7  (a) X-ray diffraction (XRD) patterns. The XRD pattern of the GO is 
measured from film which is prepared by vacuum filtration. (b) Raman spectroscopy 
investigation.   
  
Rate-capability of the A-CG500 is shown in Fig. 6.8a and 6.8b. The A-CG500 
delivered high charge capacities of ~280, ~247 and ~221 mAh g-1 at the current density of 
0.04, 0.1, 0.2, 0.5, 1 and 2 A g-1, respectively. Even at the high rate of 0.5, 1 and 2 A g-1, 
the A-CG showed high capacities of ~191, ~172 and ~151 mAh g-1, respectively.  
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Figure 6.8 Electrochemical performance of the A-CG500. (a) Charge/discharge 
capacity at the varied current density of 0.04~2 Ag-1. (b) Detailed charge/discharge 
voltage profiles. (c) Investigation of cycling stability. (Inset, detailed voltage profiles 
at 1000th and 1100th cycle.) The cycling was were performed at 0.5 A g-1 in the voltage 
window of 0.01-2.5 V vs. Na. (d) SEM-image and elemental mapping of the A-CG500 
after the cycling. 
 
When the current density was recovered to 0.5 C, the A-CG500 fully recovered its 
charge capacity of ~250 mAh g-1. The A-CG500 showed superior rate-performance than 
the other A-CGs (Fig. 6.9). Best on our knowledge, the reversible capacity and rate-
capability of the A-CG500 show the highest electrochemical performance among the 
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previous graphene reports (Table 6.3). The superior rate-capability and the high capacity 
of the A-CG500 can be attributed to capacitive charge storage nature of graphene and the 
utilization of the capacitive charge storage route II. Galvanostatic intermittent titration 
technique (GITT) results of the A-CG are in given in Figure 6.10. The line with the hollow 
circle represents the quasi-equilibrium potential. From the quasi-equilibrium potential, the 
reaction resistance was calculated. During the discharge (sodiation), around 0.6 V, the  
 
Figure 6.9 Electrochemical performance comparisons of A-CGs. (a) 
Charge/discharge capacity at the varied current density of 0.04~2 A g-1. Detailed 
charge/discharge voltage profiles of the (b) A-CG800, (c) A-CG1100 and (d) CG-1100. 
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Capacity at high-rate  
[mAh g-1] 
Capacity [mAh g-1]  
(capacity retentiona, cycle #) 
Ref 
Expanded Graphite 2.0 91  (0.2A/g) ~150 (<80%, 2000th) 176 
Reduced graphene 
oxide 
2.0 96  (1 A/g) 93.3 (<80%, 250th) 89 
Reduced graphene 
oxide 
3 <80 (1 A/g) <100 (-, 300th) 177 
Activated 
carbon/Graphene 
2.5 ~170 (1 A/g ) 142 (83.5%, 2500th) 79 
Crumpled graphene 
paper 
2.5 <100 (1 A/g) ~100 (<70%, 500th) 181 
Hydrogel derived 
carbon 
3 181 (1.6 A/g) ~150 (79%, 5000th) 188 
CNT/GO 3.0  <175 (2 A/g) ~200(<67%, 100th) 190 
GO-Carbon 2.0 50 (0.5 A/g) 213(<90%, 200th) 191 
Graphene 2.0 146 (1 A/g) 150~160 (80%, 300th) 86 
S-doped Graphene 
paper 
3 89 (1 A/g ) 244 (<70%, 300th) 192 
N-doped 
carbon/graphene 
3 139 (2 A/g ) 270 (89%,  200th) 48 
Hard carbon with 
expanded nanographite 
2.7  <100 (1 A/g ) 113 (<60%, 1000th) 126 
Three-dimensional 
carbon framework 
2 ~115 (1 A/g ) - (~85%, 250th) 193 
Carbon nanofiber 2.0 132 (1 A/g ) 134.2(<75%,  200th) 194 
Carbon nanosheet 3.0 89  (1 A/g ) 155.2(<50%,  260th) 195 
Reduced graphene 
oxide 
2.5 60  (1.6 A/g ) 105 (<80%, 1000th) 196 
Graphene nanosheets 2 ~150 (1 A/g ) ~150 (75%, 500th) 48 
This work 2.5 
~172 (1 A/g ) 
~151 (2 A/g ) 




Figure 6.10 Galvanostatic intermittent titration technique (GITT) results of the A-
CG500. (a) GITT curves (black line) with quasi-equilibrium potential during charge 
and discharge. (b) Reaction resistance. The GITT curves were obtained from a series 
of current pulses of 0.5C for 5 min and 1h relaxation. 
 
quasi-equilibrium potential increases a bit. This might indicate the advent of the different 
stage of Na storage (such as route I) below this voltage. During the charge process, the 
reaction resistance gradually increases upon the voltage window of 0.01-2.5 V vs. Na. This 
can be attributed to the extraction of Na ions from the less favorable sites. 
 Cycling stability of the A-CG500 is presented in Figure 6.8c. The first 10 cycles 
were performed at 0.1 A g-1. It is known that graphene anodes in batteries have a poor 
Coulombic efficiency (CE) in the first cycle due to the electrolyte decomposition on the 
large surface of graphene.35 Although the A-CG500 showed the fairly substantial capacity 
loss in the first cycles, CE of the A-CG500 in the first cycle was close to 45% similar to 
that of the expanded graphite.9 In the subsequent cycles, the CG-500A was rapidly 
stabilized with a small fluctuation in capacity (198~205 mAh g-1), showing a good CE over 
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99%. Even at the 1000th cycle, the A-CG-500A electrodes exhibited capacity retention 
close to 100% with a high capacity of ~204 mAh g-1. This excellent cycling stability is 
attributed to the capacitive charge storage mechanism which does not accompany volume 
change. After resting for 24h, the stability of the A-CG500A electrode was further 
examined up to 8,000 cycles using the accelerated cycling method.161  In brief, the A-
CG500 was cycled at 5 A g-1 for 99 cycles and then, the capacity was measured at 2.5C for 
1cycle. At each end of charge and discharge at 0.5 A g-1, the A-CG500 was kept at a 
constant voltage (0.01 V or 2.5V vs. Na) for 15 min. When CG-500A was operated using 
the accelerated cycling method, it showed the slightly increased capacity of 215 mAh g-1 
(Inset in Fig 3C, detailed charge/discharge profiles at 1000th and 1100th cycles). During 
the cycling measurement, the A-CG showed the negligible capacity drop. Even at the 
8000th cycle, capacity retention of the A-CG500 was ~98.3% (211.6 mAh g-1). To further 
investigate the remarkable cycling stability of the A-CG500, the A-CG500 electrode was 
investigated by SEM equipped with EDX after the cycling test (Fig. 6.8d). After the 
cycling test, the A-CG500 well maintained crumpled graphene morphology with the 
uniform elemental (C and O) distribution. Moreover, the A-CG500 still showed a clean 
surface, indicating very limited side reaction has occurred over the ultra-long cycles. 
The capacity increase with the accelerated cycling method presumably indicates 
that the A-CG500 store an extra charge through the other route. Since the A-CG500 
electrode has been kept at 0.01 or 2.5 V vs. Na for 15 min during the accelerated cycling, 
it could be deduced that the extra Na storage is originated from Na insertion into the 
disordered long graphitic range at a low voltage. To elucidate the capacity increase and as 
well as charge storage mechanism of the A-CG, we performed potential-dependent cyclic 
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voltammetry (PDCV) scans at 0.2 mV s-1 at varied voltage window (Fig. 6.11A). As the 
potential window decreased from 2.5 to 0.16 V vs. Na, the quasi triangular CV profile has 
been developed with broad cathodic/anodic peaks over the potential, presumably indicating 
the capacitor-like feature of graphene’s sodiation/desodiation over the potential. When the 
cut-off potential was further lowered from 0.16 to 0.01 V vs. Na, the A-CG500 showed a 
small protruding peak. This sharp peak at the narrow range of potential typically is found 
in diffusion-controlled materials such as graphite and pseudographitic carbon.185, 187  
Therefore, we can surmise the capacity increase at the accelerated cycling method comes 
from the Na storage into the pseudographitic carbon area, herein ridge parts, due to the 
voltage holding. To further understand the Na insertion into the disordered graphitic range, 
CV scans were performed at the varied scan rate of 0.1~10 mV s-1 (Fig. 6.11B). At the low 
scan rates of 0.1 and 0.2 mV s-1, the CV profiles showed a triangular shape with protruding 
peaks at the low potential of ~0.16 V vs. Na. However, at the high scan rates faster than 
0.5 mV s-1, the protruding peaks disappeared. Since intercalation is considered as the 
diffusion-controlled process, therefore, the disappearance of the peak at the low potential 
indicates that charge storage on the disordered graphitic area of graphene only occurs when 
the current density is low. 185, 197 
To explore the nature of the charge storage features, linear relationships of 
logarithmic scan rates versus logarithmic currents were calculated from eq. (6.1). 197  
i = aνb                (6.1) 
where a and b are constants, i is current, and v is the scan rate. Based on the b value, an 
electrochemical process can be identified as being diffusion-controlled (b=0.5) or 
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capacitive (b=1). Here we employed cathodic current values. At the potentials of 0.6 and 
1.2 V vs. Na, the b values were found to be 0.97 and 0.99 (Fig. 6.11C), showing a signal 
of capacitive charge storage. As the measured potential decreased, the b values approached 
to 0.5. Figure 6.11D shows the plot of the b value versus potential. The b values are ranged 
between 0.75~1.0 over the potential and were fallen down around 0.2 V vs. Na, showing 
the consistency with the result of the potential dependent CV scans. Although the b value 
is lower than 1, the b value is close to 1 rather than 0.5. Moreover, we should aware of that 
actual graphene is slightly different from graphene in the dictionary (an isolated single 
basal plane of graphite) in that actual graphene can contain many types of things make 
itself being biased from the definition. Thus, we might be able to summarize that i) ideal 
graphene mainly stores Na through capacitor-like route over the potential and ii) actual 
graphene stores Na like-as a capacitor, but like-as a mixed type of a battery and capacitor 
at the low potential. To quantitatively estimate the contribution of the diffusion-controlled 
and capacitive process, Trassatti analysis (eq. 6.2) were employed.198  
q(ν) = qcapacitive + cν-1/2                           (6.2) 
where q(v) is the total charge (Q), qcapacitive is capacitive charge storage, and cν-1/2 is 
associated with semi-infinite diffusion.198 q(v) presents solely the capacitive charge storage 
when the scan rate goes to infinity, and the intercept of the extrapolated line obtained by 
the capacities at low scan rates indicates capacitive charge storage, herein qcapacitive.66, 198 
Figure 6.11e shows the plot of the normalized capacity versus ν-1/2where the capacity was 
normalized based on the capacity at 0.1 mV s-1. At the low scan rates, the normalized 
capacity showed the linearity which is a characteristic of capacitor.66 The intercept with y-
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axis was found to be 0.72. In other words, the capacity of the A-CG500 can be divided into 
72% from capacitive mechanism and 28% through diffusion-controlled process.  
 
Figure 6.11 Mechanistic analysis of the A-CG500 using cyclic voltammetry (CV) (a) 
Potential-dependent CV scans at 0.2 mV s-1. (b) CV profiles at different scan rates of 
0.1~1 mV s-1. Inset shows CV profiles at high scan rates of 2~10 mV s-1.  (c) Linear 
relationships of logarithmic scan rates versus logarithmic currents at varied potential 
of 0.05, 0.2, 0.6, 1.2 V vs. Na. (d) Characteristic constant b calculated at varied 
potential with a scan rate of 0.1 mV s-1. (e) Normalized capacities plot with a function 
of v-1/2. 
  
Inspired by the superior electrochemical properties of the A-CG500 in Na-ion 
batteries, the A-CG500 was also tested in other alkali-ion batteries, such as Li- and K-ion 
batteries (LIBs and KIBs) (Fig. 6.12a). The A-CG500 delivered high capacities in LIBs 
and KIBs, showing ~390 and 301 mAh g-1 (0.1 A g-1), respectively. These high capacities 
could be contributed to the charge storage through the route II. The charge/discharge 
voltage profiles of the A-CG500 in the alkali-ion batteries are shown in Figure 6.12b. 
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Interestingly, the A-CG500 showed relatively low capacity NIBs than in LIBs and KIBs. 
This can be attributed to the weakest binding to given structures compared to the other 
alkali ions.48  
 
Figure 6.12 (A) Charge/discharge capacity of the defective graphene (A-CG500) with 
the negative of the binding energy. The binding energy of alkali ions to various defects 
was redrawn from ref.199 (b) Galvanostatic charge discharge profiles of the defective 
graphene (A-CG500) in Li-, Na-, and K-cell. 
 
6.5 Conclusions 
In this study, we showed that graphene stores Na through the capacitive mechanism 
with the two sub-routes of ion adsorption in a similar way of double layer capacitance on 
the surface of graphene and ion adsorption on defective sites. When the defective graphene 
prepared by air activation was investigated as anode material for SIB, it showed the high 
capacity of ~250 mAh g-1 at 0.5C. In LIB and KIB, the defective graphene also showed the 
high capacity of ~390 and ~301 mAh g-1, respectively. The high capacity of the defective 
graphene in various alkali metal ion batteries suggests us that graphene can be identified 
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as surface-controlled material and thus, the introduction of defective sites is an efficient 
way to achieve superior electrochemical performance. 
 
CHAPTER 7. CONCLUSION AND OUTLOOK 
7.1 General Conclusions 
We studied the various applications of graphene in energy storage applications in 
this dissertation as summarized in Table 7.1. In the first part (Chapter 2 and 3), graphene 
was employed as inactive component for lithium ion batteries. We encapsulated Si particles 
with the cage of graphene to prevent the electrical isolation of pulverized Si particles. The 
graphene suppressed the continuous SEI growth on the surface of pulverized Si particles 
by preventing the pulverized Si particles from exposure to electrolyte. This graphene-
encapsulated Si composite showed a capacity retention of 84% at 100th cycle. This 
graphene-encapsulated Si composite was employed as anode for hybrid supercapacitor in 
Chapter 3. We prepared a two-dimensional functional carbon by hydrothermal 
carbonization of glucose with GO template. The two-dimensional functional carbon 
showed a high capacity of ~250 mAh g-1 in a Li-cell, which is higher than carbon sphere 
prepared without GO template (~153 mAh g-1). Even with the mass-loading of ~9.3 mg 
cm-2, the two-dimensional functional carbon exhibited the high capacity of ~243 mAh g-1. 
The hybrid supercapacitor, the two-dimensional functional carbon and graphene-
encapsulated Si anode showed a high capacity close to 150 mAh g-1 upto 3,000 cycles. 
 In the second part (Chapter 3-5), this thesis focused on the electrochemical 
performance and charge storage mechanisms of graphene in LIBs, SIB and supercapacitors. 
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As a cathode material for LIBs, we prepared the reduced crumpled graphene oxide and 
cabbage-like graphene using aerosol pyrolysis. Compared to stacked reduced graphene, the 
reduced crumpled graphene oxide showed enhanced rate-capability. The cabbage-like 
graphene exhibited the high specific capacity of ~176 mAh g-1 despite its high density of 
~0.8 g cm-3. In addition, crumpled graphene was employed as anode material for SIBs. To 
investigate the role of oxygen functional groups, including defects, we prepared crumpled 
graphene at various reduction temperature with/without air activation process. From the 
electrochemical and computational study of the crumpled graphene, we revealed that 
graphene stores Na through double layer capacitance and ion adsorption on defective sites. 
The activated crumpled graphene as a model of defective graphene showed the high 
capacity (~ 279 mAh g-1 at 0.2C) and rate-capability (151 mAh g-1 at 10C), indicating the 
utility of the defective sites to enhance electrochemical performance of graphene for Na-
ion storage. 
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We showed a wide potential of graphene in energy storage systems in this thesis. 
This thesis consists of two parts; graphene as an inactive component and graphene as an 
active material. In the study of graphene as the inactive component, we showed that 
graphene can be employed as a template to control the morphology of hydrocarbon 
obtained from hydrothermal carbonization of biomass (e.g., glucose and sucrose). 
Although the two-dimensional functional carbon prepared by hydrothermal carbonization 
of biomass with a small addition of graphene template showed excellent electrochemical 
performance (e.g., ~250 mAh g-1 in a Li-cell), it requires further studies to reveal chemical 
structure of the TDFC. For instance, we should answer the question, “Is biomass-derived 
carbon deposited on graphene or graphene oxide?” During the hydrothermal carbonization 
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of biomass, graphene oxide can be hydrothermally reduced. Moreover, the core motivation 
of the TDFC was started from the shell-core structure of bio-mass derived carbon (Fig 7.1).  
 
Figure 7.1 Schematic illustration of bio-mass derived carbon. 
 
Bio-mass derived carbon has a hydrophobic core and hydrophilic shell structure. The 
hydrophilic shell contains a large amount of redox active oxygen functional groups.200 
Since the charge storage mechanism of hydrocarbon is based on double layer capacitance 
and redox-reactions of the surface functional groups, the hydrophobic core part may not 
contribute to charge storage. Considering the fact that TDFC (one side thickness: ~10 nm) 
shows a higher electrochemical performance that carbon sphere (~200nm), the thickness 
of hydrophilic shell would be very thin (i.e., less than 10 nm). In this regard, it is needed 
to investigate the electrochemical performance of oxygen-functional group-rich quantum 
dot which is prepared from biomass and their carbonization. 
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Figure 7.2 Schematic preparation of cabbage-like holey graphene. Reproduced with 
the permission from Ref#201 Copyright ©2014 Springer Nature. 
 
In the study of graphene as an active material, graphene was investigated as cathode 
material in Li-cell and, anode material in Li-, Na- and K-cell. As the cathode material, the 
reduced crumpled graphene oxide was used, and it showed a good rate-capability (~170 
mAh g-1 at 0.1 A g-1 and ~65 mAh g-1 at 10 A g-1) as shown in Chapter 4. The high capacity 
and good rate-capability were attributed to the oxygen functional groups on its surface, 
such as carbonyl, carboxylic and epoxide while the hydroxyl (-OH) group on the surface 
of the reduced crumpled graphene oxide only delivers limited capacity.122 Therefore, it is 
needed to develop hydroxyl-selective reduction method. The reduced crumpled graphene 
oxide was investigated in the high potential of 1.5-4.5 V vs. Li. In this potential, 
conventional carbonate-based electrolytes can be decomposed. Thus, byproducts or their 
intermediate forms may have an influence on functional groups. In this regard, in-situ FTIR 
and XPS could be utilized to the influence. 
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To date, various three-dimensional graphene electrodes for supercapacitor have been 
proposed.202-203 Regrettably, in most cases, gravimetric capacitance (or capacity) has been 
focused rather than volumetric density. To grasp high gravimetric and volumetric 
capacitance with an electrode, we introduced pre-stacking process for graphene (Chapter 
5) and prepared a high-density cabbage-like graphene. However, it is unlikely to show that 
the cabbage-like graphene has a high capacitance or capacity at 10 A g-1 or 100 mV s-1 due 
to the large stacking. We believe that enhanced rate-capability can be achieved by 
employing holey graphene oxide as the precursor. The lowered density coming from the 
introduction of holes on the graphene oxide sheet could be compensated by increasing the 
concentration of holey graphene oxide and pre-stacking time (Fig. 7.2). The holes on the 
graphene sheet could facilitate the transport of ions and thus rate-capability of cabbage-
like could be further enhanced. 
Except for the study of hybrid supercapacitor consisting of Si/graphene anode and 
TDFC cathode, all the other electrodes were evaluated with negative electrodes of lithium 
or sodium metal piece. However, the performance of electrodes should be investigated full-
cell configuration for practical application. For instance, the reduced crumpled graphene 
oxide and cabbage-like graphene would be coupled with graphite or Si anode. Recently, 
there has been noticeable progress in metal anode.204-213 Thus, advanced metal anode would 
be also a choice for those cathodes.  
In the study of graphene cathode for LIBs, we mainly focused on the oxygen 
functional groups of graphene and only used thermal reduction to control the amount of 
the oxygen functional groups. Chemical reduction using NaBH4 and thiourea is also well-
the established technique. Using these chemicals and subsequent thermal reduction, 
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heteroatom (B, N and S)-doped graphene can be prepared. It is known that the heteroatom 
doping is a promising strategy to enhance graphene-based electrodes. Although this 
dissertation focuses on the application of graphene in LIBs, SIBs and supercapacitors, 
graphene can be employed as a catalytic cathode in lithium- and sodium-air battery (Fig. 
7.3) and as artificial solid electrolyte interface for room temperature metal battery.214 
 
Figure 7.3 Schematic illustration of lithium-air battery. Reprinted with permission 
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